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ELECTRO-OPnCAL CIRCUITRY HAV ING INTEGRATED CONHECTOR AN D 
METHOD S FOR THE PROD UCTION THEREOF 

5 REFERENCE TO CO-PENDING APPLICATIONS 

Applicant hereby claims priority of U.S. Provisional Patent Application 
Serial No. 60/373,415, filed on April 16, 2002, entitled "Electro-Optic Integrated 
Circuits and Methods for the Production Thereof, U.S. Patent Application Serial No. 
10 10/314,088, filed December 6, 2002, entitled "Electro-Optic Integrated Circuits with 
Connectors and Methods for the Production Thereof and U.S. Provisional Patent 
Application Serial No. 60/442,948, filed on January 27, 2003, entitied "Direct Optical 
Connection". 

1 5 FIELD OF THE INVENTION 

The present invention relates to high speed integrated circuits 
interconnection, electro-optic integrated circuits and methods for the production thereof 
generally and more particularly to wafer level manufacture of chip level electro-optic 
integrated circuits with integrated optical connectors and optical interconnections means 

20 to transfer data between semiconductor integrated circuits. 

BACKGROUND OF THE INVENTION 

The following U.S. Patents of the present inventor represent the current 
25 state of the art: 

6,117,707; 6,040,235; 6,022,758; 5,980,663; 5,716,759; 5,547,906 and 

5,455,455. 

The following U.S. Patents represent tiie current state of the art relevant 
to stud bump moxmting of electrical circuits: 
30 6,214,642; 6,103,551; 5,844,320; 5.641,996; 5,550,408 and 5,436,503. 

Additionally, the following patents are believed to represent the current 

1 



wo 03/088286 PCT/IL03/00308 
State of the art: 

U.S. Patents 4,168.883; 4,351.051; 4,386.821; 4.399.541; 4.615,031; 
4,810,053; 4,988,159; 4.989.930; 4,989,943; 5,044,720; 5,231.686; 5.841.591; 
6,052,498; 6.058,228; 6,234,688; 5,886,971; 5,912,872; 5.933,551; 6.061,169; 
5 6.071,652; 6,096,155; 6.104,690; 6,235.141; 6,295,156; 5,771,218 and 5.872.762. 
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The present invention seeks to provide improved optical interconnections 
means to transfer high speed data between semiconductor integrated circmts, 
electro-optic integrated circuits and methods for production thereof 

There is thus provided, in accordance with a preferred embodiment of tiie 
present invention, an electro-optic integrated circuit including an integrated circuit 
substrate, at least one optical signal providing element and at least one discrete 
reflecting optical element, mounted onto the integrated circuit substrate, cooperating 
with the at least one optical signal providing element and being operative to direct light 
from the at least one optical signal providing element 

There is also provided, in accordance with another preferred embodiment 
of the present mvention, an electro-optic integrated circuit including an integrated 
circuit substrate, at least one optical signal receivmg element and at least one discrete 
reflecting optical element mounted onto the mtegrated circuit substrate and cooperating 
with the at least one optical signal receiving element and being operative to direct light 
to the at least one optical signal receiving element. 

There is further provided, in accordance with yet another preferred 
embodiment of the present invention, an electro-optic integrated circuit including an 
integrated circuit substrate defining a planar surfece, at least one optical signal providing 
element and at least one reflecting optical element having an optical axis which is 
neither parallel nor perpendicular to the planar surface, the element cooperating with the 
at least one optical signal providing element and being operative to direct light from the 
at least one optical signal providing element. 

There is also provided, in accordance with still another preferred 
embodiment of the present invention, an electro-optic integrated circuit including an 
integrated ckcuit substrate defining a planar surface, at least one optical signal 
receiving element and at least one reflecting optical element having an optical axis 
which is neither parallel nor perpendicular to the planar surface, the element cooperating 
with the at least one optical signal receiving element and being operative to direct light 
to the at least one optical signal receiving element. 
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There is further provided, in accordance with another preferred 
embodiment of the present invention, a method for producing an electro-optic integrated 
circuit including providing an integrated circuit substrate, mounting at least one optical 
signal providing element onto the integrated circviit substrate, moxmting at least one 
5 optical signal receiving element onto the integrated circuit substrate and providing 
optical alignment, between the at least one optical signal providing element and the at 
least one optical signal receiving element, subsequent to mounting thereof, by suitable 
positioning along an optical path extending there between, an intermediate optical 
element and fixing the intermediate optical element to the integrated circuit substrate. 
10 In accordance with a further preferred embodiment of the present 

invention, the intermediate optical element, when fixed to the substrate, has an optical 
axis, which is neither parallel nor perpendicular to a planar surface of the integrated 
circuit substrate. 

There is also provided, in accordance with yet another preferred 

1 5 embodiment of the present invention, a method for producing an electro-optic integrated 
circuit including providing an integrated circuit substrate, mounting at least one optical 
signal providing element on the integrated circuit substrate and mounting at least one 
discrete reflecting optical element onto the integrated circuit substrate to cooperate with 
the at least one optical signal providing element and to direct light firom the at least one 

20 optical signal providing element. 

There is further provided, in accordance with still another preferred 
embodiment of the present invention, a method for producing an electro-optic integrated 
circuit including providing an integrated circuit substrate, mounting at least one optical 
signal receiving element on the integrated circuit substrate and mounting at least one 

25 discrete reflecting optical element onto the integrated circuit substrate to cooperate with 
the at legist one optical signal receiving element and to direct light to the at least one 
optical signal receiving element. 

There is also provided, in accordance with another preferred embodiment 
of the present invention, a method for producing an electro-optic integrated circuit 

30 including providing an integrated circuit substrate defining a planar surface, movmting at 
least one optical signal providing element on the integrated circuit substrate and 
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mounting at least one reflecting optical element onto the integrated circuit substrate to 
cooperate with the at least one optical signal providing element and to direct light jfrom 
the at least one optical signal providing element, wherein an optical axis of the at least 
one reflecting optical element is neither parallel nor perpendicular to the planar surface, 
5 There is further provided, in accordance with yet another preferred 

embodiment of the present invention, a method for producing an electro-optic integrated 
circviit including providing an integrated circuit substrate defining a planar surface, 
mounting at least one optical signal receiving element on the integrated circuit substrate 
and moimting at least one reflecting optical element onto the integrated circuit substrate 
10 to cooperate with the at least one optical signal receiving element and to direct light to 
the at least one optical signal receiving element, wherein an optical axis of the at least 
one reflecting optical element is neither parallel nor perpendicular to the planar surface. 

In accordance with a preferred embodiment of the present invention, the 
at least one optical element includes a flat reflective surface. Additionally, the at least 
15 one optical element includes a concave mirror. Altematively, the at least one optical 
element includes a partially flat and partially concave mirror. Additionally, the partially 
concave mirror includes a mirror with multiple concave reflective surfaces. 

In accordance with another preferred embodiment, the at least one optical 
element includes a reflective grating. Additionally, the at least one optical element 
20 includes reflective elements formed on opposite smfaces of an optical substrate. 
Preferably, at least one of the reflective elements includes a flat reflective surface. 
Altematively, at least one of the reflective elements mcludes a concave mirror. 
Altematively or additionally, at least one of the reflective elements includes a partially 
flat and partially concave mirror. Additionally, the mirror includes a mirror with 
25 multiple concave reflective surfaces. Altematively, at least one of the reflective 
elements includes a reflective grating. 

Preferably, the at least one optical element is operative to focus light 
received from the optical signal providing element Altematively, the at least one optical 
element is operative to coUimate light received from the optical signal providing 
30 element In accordance with another preferred embodiment, the at least one optical 
element is operative to focus at least one of multiple colors of light received from the 
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optical signal providing element Additionally or alternatively, the at least one optical 
element is operative to collimate at least one of multiple colors of light received from 
the optical signal providing element. In accordance with another preferred embodiment, 
the at least one optical element is operative to enhance the optical properties of light 
5 received from the optical signal providing element 

In accordance with a preferred embodiment, the optical signal-providing 
element includes an optical fiber. Alternatively, the optical signal-providing element 
includes a laser diode. Additionally or alternatively, the optical signal-providing element 
includes a waveguide. In accordance with another preferred embodiment, the optical 
10 signal-providing element includes an array waveguide grating. Alternatively, the optical 
signal-providing element includes a semiconductor optical amplifier. 

Preferably, the optical signal-providing element is operative to convert an 
electrical signal to an optical signal. Alternatively, the optical signal-providing element 
is operative to transmit an optical signal. Additionally, the optical signal-providing 
15 element also includes an optical signal-receiving element. In accordance with another 
preferred embodiment, the optical signal-providing element is operative to generate an 
optical signal. 

In accordance with a preferred embodiment of the present invention, the 
integrated circuit subshrate includes Silicon, Silicon Germanium, and gallium arsenide. 

20 Alternatively, the integrated circuit substrate includes indium phosphide. 

In accordance with another preferred embodiment of the present 
invention, the integrated circuit includes at least one optical signal providing element 
and at least one optical element receiving element the at least one discrete reflecting 
optical element cooperating with the at least one optical signal providing element and 

25 the at least one optical signal receiving element and being operative to direct light from 
the at least one signal providing element to tiie at least one optical signal receiving 
element. 

Preferably, the at least one optical signal receiving element includes an 
optical fiber. Alternatively, the at least one optical signal receiving element includes a 
30 laser diode. AdditionaUy or alternatively, the at least one optical signal receiving 
element includes a diode detector. 
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In accordance with a preferred embodiment of the present invention, the 
at least one optical signal receiving element is operative to convert an optical signal to 
■ an electrical signal. Additionally, the at least one optical signal receiving element is 
operative to transmit an optical signal. Alternatively, the at least one optical signal 
5 receiving element also mcludes an optical signal providing element. 

Preferably, the at least one reflecting optical element is operative to focus 
light received by the optical signal-receiving element Alternatively, the at least one 
reflecting optical element is operative to collimate Ught received by the optical 
signal-receiving element. In accordance with another preferred embodiment, the at least 
10 one reflecting optical element is operative to focus at least one of multiple colors of 
Ught received by the optical signal-receiving element. AdditionaUy or alternatively, the- 
at least one reflecting optical element is operative to collimate at least one of multiple 
colors of light received by the optical signal receiving element. In accordance with 
another preferred embodiment, the at least one reflecting optical element is operative to 
1 5 enhance tiie optical properties of Ught received by tiie optical signal-receiving element 
There is also provided, in accordance witii another preferred embodiment 
of tiie present invention, an integrated circuit including a first integrated circuit substrate 
having first and second planar surfaces, tiie first planar surface having first electical 
circuitry formed tiiereon and tiie second planar surface having formed tiierein at least 
20 one recess, fiUing tiie recess witii clear material to form an optical via tiirough tiie 
semiconductor substiate, and at least one second integrated circuit substrate having 
second electrical circuitry formed tiiereon, tiie at least one second integrated circuit 
substrate being located at least partially above tiie at least one recess, tiie second 
electiical circuitiy communicating witii tiie first electical circuitry. 
25 -niere is also provided, in accordance witii anotiier preferred embodiment 

of tiie present invention, an integrated circuit including a first integrated circuit substirate 
having first and second planar surfaces, tiie first planar surface having first electrical 
circuitry formed tiiereon and tiie second planar surface having formed tiierein at least 
one recess. Siting tiie recess witii clear material to form an optical via tiirough tiie 
semiconductor substrate, and at least one second integmted circuit substrate having 
second electrical circuitry formed tiiereon, tiie at least one second integrated circuit 
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substrate being located at least partially above the at least one recess, the second 
electrical circuitry communicating with the first electrical circuitry. 

Preferably, the first electrical circuitry includes electronic components 
and optical waveguides. Additionally, the second electrical circuitry includes 
electro-optic components. In accordance with a preferred embodiment, the second 
electrical circuitry communicating with the first electrical circuitry optical waveguides 
includes communicating via an optical communication path. Additionally, the optical 
communication path includes optical coupling through fi:ee space. 

There is also provided, in accordance with still another preferred 
embodiment of the present invention, an integrated circuit including a first integrated 
circuit substrate having first and second planar surfaces, the first planar surface having 
first electrical circuitry formed thereon and the second planar surface having formed 
therein at least one recess and at least one second substrate, the at least one second 
substrate being located at least partially above the at least one recess, the second 
substrate containing at least one element communicating with the first electrical 
circuitry. 

There is fiirther provided, in accordance with another preferred 
embodiment, an integrated circuit including a first integrated circuit substrate, having 
electrical circuitry formed thereon and having formed therein at least one recess and at 
least one second substrate, the at least one second substrate being located at least 
partially above the at least one recess, the second substrate containing at least one 
element communicating with the electrical circuitry. 

There is also provided, in accordance with yet another preferred 
embodiment, a method for producing an integrated circuit including providing a first 
integrated circuit substrate, with first and second planar surfaces, forming first electrical 
circuitry on the first planar surface, forming at least one recess in the second planar 
surface, providing at least one second substrate and locating the at least one second 
substrate at least partially above the at least one recess, the second substrate containing 
at least one element communicating with the first electrical circuitry. 

There is fiirther provided, in accordance with still another preferred 
embodiment, a method for producing an integrated circuit including providing a first 
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integrated circuit substrate, forming electrical circuitry on the first substrate, forming at 
least one recess in the first substrate, providing at least one second substrate and 
locating the at least one second substrate at least partially above the at least one recess, 
the second substrate containing at least one element communicating with the electrical 
5 circuitry. 

In accordance with a preferred embodiment, the first electrical circuitry 
includes electronic components. Additionally, the at least one element includes 
electro-optic components. Preferably, the at least one element communicating with the 
first electrical circuitry includes comm\inicating via an optical communication path. 
10 Additionally, the optical communication path includes optical coupling through firee 
space. 

There is yet further provided, in accordance with another preferred 
embodiment of the present invention, an integrated circuit including a silicon integrated 
circuit substrate having electrical signal processing circuitry formed thereon and at least 

15 one discrete optical element mounted thereon, the electrical signal processing circuitry 
including an electrical signal input and an electrical signal output and the at least one 
discrete optical element including an optical input and an optical ouQ)ut 

There is also provided, in accordance with yet another preferred 
embodiment of the present invention, a method for producing an integrated ckcuit 

20 including providing a sUicon integrated circuit substrat©, forming electrical signal 
processing circuitry on the substrate and mounting at least one discrete optical element 
on the substrate, the electrical signal processing circmtry including an electrical signal 
input and an electrical signal output and the at least one discrete optical element 
including an optical input and an optical output. 

25 Preferably, the optical element is operative to convert the electrical signal 

output into the optical input. Alternatively, the electrical signal processing circuitry is 
operative to convert the optical output into the electical signal input. In accordance with 
another preferred embodiment, the electical signal processing circuitry and the discrete 
optical element are located on a single planar surface of the substrate. Alternatively, the 

30 electical signal processing ckcuity and the discrete optical element are located on 
different planar surfaces of the substrate. 
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There is yet further provided, in accordance with another preferred 
embodiment of the present invention, an integrated circuit including a silicon integrated 
circuit substrate having electrical signal processing circuitry formed thereon and at least 
one discrete optical element mounted thereon, the electrical signal processing circuitry 
5 including an electrical signal input and an electrical signal output and the at least one 
discrete optical element including an optical input and an optical output, the integrated 
circmt including at least one optical connector including a plxorality of optical elements 
defining at least one optical input path and at least one optical output path. 

There is further provided in accordance with another preferred 

10 embodiment of the present invention, a method for producing an integrated circuit 
including a silicon integrated circuit substrate having electrical signal processing 
circuitry formed thereon and at least one discrete optical element mounted thereon, the 
electrical signal processing circuitry including an electrical signal input and an electrical 
signal output and the at least one discrete optical element including an optical input and 

15 an optical output, the integrated circuit also including at least one optical connector 
including a plurality of optical elements defining at least one optical input path and at 
least one optical output path an optical connector including providing a plurality of 
optical elements, defining at least one optical input path through at least one of the 
plurality of optical elements and defining at least one optical ouQ)ut path through at least 

20 one of the plurality of optical elements. 

Preferably, at least one of the plurality of optical elements includes a flat 
reflective surface. Additionally, at least one of the pluraUty of optical elements includes 
a concave mirror. Additionally or alternatively, at least one of the plurality of optical 
elements includes a partially flat and partially concave mirror. Alternatively, at least one 

25 of the plurality of optical elements includes a mirror with mviltiple concave reflective 
sxirfaces. Additionally or altematively, at least one of the pluraHty of optical elements 
includes a reflective grating. Additionally, at least one of the plurality of optical 
elements includes reflective elements formed on opposite surfaces of an optical 
substrate. 

30 In accordance with a preferred embodiment, at least one of the plurality 

of optical elements is operative to focus light. Altematively, at least one of the plurality 
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of optical elements is operative to coUimate light. Additionally, at least one of the 
plurality of optical elements is operative to focus at least one of multiple colors of light. 
Additionally or alternatively, at least one of the plurality of optical elements is operative 
to collimate at least one of multiple colors of Ught. Altematively, at least one of the 
5 plurality of optical elements is operative to enhance the optical properties of light. 

Preferably, at least one of the plurality of optical elements includes an 
optical fiber. Additionally, at least one of the plurality of optical elements includes a 
laser diode. Altematively, at least one of the plurality of optical elements includes a 
diode detector. 

10 There is further provided in accordance with still another preferred 

embodiment of the present invention an optical reflector including an optical substrate, 
at least one microlens formed on a surface of the optical substrate and a first reflective 
surface formed over the at least one microlens. 

There is still further provided in accordance with yet another preferred 

15 embodiment of the present invention a method for producing an optical reflector 
including providing an optical substrate, forming at least one microlens on a surface of 
the optical substrate, coating the at least one microlens with a reflective material and 
dicing the substrate. 

Preferably, the first reflective surface is also formed over at least a 

20 portion of the surface of the optical substrate. Altematively, at least a portion of the first 
reflective surface includes a grating. Preferably, the first reflective surface includes 
aluminum. 

In accordance with another preferred embodiment, the optical reflector 
also includes at least one second reflective surface formed on at least a portion of an 
25 opposite surface of the substrate. Additionally, at least a portion of the second reflective 
surface includes a grating. Preferably, the second reflective surface includes aluminum. 

In accordance with yet another preferred embodiment, the optical 
reflector also includes a notch formed in the opposite surface of the substrate. 

Preferably, the at least one microlens includes photoresist. Altematively, 
30 the at least one microlens is formed by photolithography and thermal reflow forming. 
Additionally, the at least one microlens is formed by photolithography using a grey scale 
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mask fonning. Alternatively, the at least one microlens is formed by jet printing 
formation. 

In accordance with still another preferred embodiment, the at least one 
microlens has an index of refraction which is identical to that of the optical substrate. 
Alternatively, the at least one microlens has an index of refraction which closely 
approximates that of the optical substrate. 

There is also provided in accordance with another preferred embodiment 
of tiie present invention a packaged electro-optical integrated circuit having integrally 
formed therein an optical connector to an optical fiber. 

Preferably, the optical coimector includes a pair of elongate locating pin 
sockets formed over a silicon substrate of the integrated circuit, and extending generally 
parallel to a surface thereof. Additionally, the optical connector includes a linear array of 
optical fiber ends arranged to have abutment surfaces generally coplanar with an edge of 
the packaged electro-optical integrated circuit. 

There is further provided in accordance with yet another preferred 
embodiment of the present invention a method for wafer scale production of an 
electro-optic circuit having integrally formed therein an optical connector and electrical 
connections including wafer scale formation of a multiplicity of electro-optical circuits 
onto a substrate, wafer scale provision of at least one optical waveguide on the substrate, 
wafer scale mounting of at least one integrated circuit component onto the substrate, 
wafer scale formation of at least one optical pathway providing an optical connection 
between the at least one integrated circuit component and the at least one optical 
waveguide, wafer scale formation of at least one mechanical alignment bore on the 
substrate, wafer scale formation of at least one packaging layer over at least one surface 
of the substrate and thereafter, dicing of the substrate to define a multiplicity of 
electro-optic circuits, each having integrally formed therein an optical connector. 

Preferably, an end of the at least one optical waveguide defines an optical 
connector interface. Additionally, tiie substrate includes a silicon substrate having 
formed thereon a multiplicity of integrated circuits. 

There is still fiirther provided in accordance with still another 
preferred embodiment of tiie present invention a method of mounting an integrated 



12 



wo 03/088286 PCT/IL03/00308 
circxiit onto an electrical circuit including forming an integrated circuit with a 
multiplicity of electrical connection pads which generally lie along a mounting surface 
of the mtegrated circuit, forming an electrical circuit with a multiplicity of electrical 
coimection contacts which generally protrude from a mounting surface of the electrical 
5 circuit and employing at least a conductive adhesive to electrically and mechanically 
join the multiplicity of electrical connection pads to the multiplicity of electrical 
coimection contacts. 

Preferably, the integrated circuit is an electro-optical circuit, and the 
method also includes providing an optically transparent underfill layer intermediate the 
10 mounting surface of the integrated circuit and the mounting surface of the electrical 
circuit. 

There is also provided in accordance with another preferred embodiment 
of the present invention a method for wafer scale production of an electro-optical circuit 
including wafer scale formation of a multiplicity of electro-optical circuits onto an 
15 active surface of a substrate and wafer scale provision of at least one optical via on the 
substrate. 

Preferably, the wafer scale provision of the at least one optical via 
includes etching the substrate on a non-active surface thereof at a location opposite a 
region of the active surface generally free of circuitry, thereby to define at least one 
20 cavity whose bottom surface is translucent and filling the at least one cavity with a 
transparent material. 

Additionally, the method also includes attaching a semiconductor 
element in optical engagement with the at least one optical via. 

In accordance with yet another preferred embodiment of the present 
25 invention the transparent material has an index of refraction similar to that employed 
along at least one optical path in the electro-optical circuit communicating therewith. 

There is further provided in accordance with still another preferred 
embodiment of the present invention a method for wafer level production of a 
electro-optical circuit including forming electrical circuitry on a first side of a wafer, 
30 forming an optical assembly on a second side of the wafer and forming an optical 
connection between the first and second sides of the wafer, through the wafer, thereby 
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providing optical commimication between the electrical circuitry and the optical 
assembly through the wafer. 

Preferably, the method also includes dicing the wafer to define a 
multiplicity of integrated circuits each having formed thereon electrical circuitry on a 
5 first side of the integrated circuit, an optical assembly on a second side of the integrated 
circuit and an optical connection between the first and second sides of the integrated 
circuit, thereby providing optical commimication between the electrical circuitry and the 
optical assembly. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be appreciated more fully from the followmg 
detailed description, taken in conjunction with the drawings in which: 

Figs. lA, IB, IC, ID and IE are simplified pictorial iUustrations of 
initial stages in the production of an electro-optic integrated circuit constructed and 
operative in accordance with a preferred embodiment of the present invention; 

Figs. 2A, 2B, 2C, and 2D are simplified sectional illustrations of further 
stages in the production of the electro-optic integrated circuit referenced in Figs. 1 A - 
IE; 

Fig. 3 is an enlarged simpUfied optical illustration of a portion of Fig. 

2D; 

Figs. 4A, 4B, 4C, 4D and 4E are sunplified pictorial illustrations of 
initial stages in the production of an electro-optic integrated circuit constructed and 
operative in accordance witii another preferred embodiment of the present invention; 

Figs. 5A, 5B, 5C and 5D are simplified sectional illustrations of further 
stages in the production of tiie electro-optic integrated circuit referenced m Figs. 4A - 
4E; 

Figs. 6A, 6B and 6C are enlarged simpUfied optical illustrations of a 
portion of Fig. 5D in accordance with preferred embodiments of tiie present invention; 

Fig. 7 is a simplified sectional illustiration of an electro-optic integrated 
circuit consti^cted and operative in accordance witii yet anotiier preferred embodiment 

of the present invention; 

Figs. 8A, 8B and 8C are enlarged simplified optical illustrations of a 
portion of Fig. 7 in accordance with other embodiments of tiie present invention; 

Figs. 9A, 9B, 9C, 9D and 9E are simplified pictorial illustrations of 
initial stages in tiie production of an electro-optic integrated ckcuit constructed and 
operative in accordance witii yet anotiier preferred embodiment of tiie present invention; 

Figs. lOA, lOB, IOC and lOD are simpUfied sectional Ulustrations of 
ftirther stages in tiie production of tiie electro-optic integrated cncuit referenced in Figs. 
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9A-9E; 

Figs. IIA, IIB and IIC are enlarged simplified optical illustrations of a 
portion of Fig. lOD in accordance with preferred embodiments of the present invention; 

Fig. 12 is a simplified sectional illustration of an electro-optic integrated 
circuit constructed and operative in accordance with yet another preferred embodiment 

of the present invention; 

Figs. 13A, 13B and 13C are enlarged simplified optical illustrations of a 
portion of Fig. 12 in accordance with fiirther preferred embodiments of the present 
invention; 

Figs. 14A, 14B, 14C and 14D are simplified sectional iUustrations of 
stages in the production an electro-optic integrated circuit m accordance with another 
embodiment of the present invention; 

Figs. 15 A, 15B and 15C are simpUfied optical illustrations of Fig. 14D in 
accordance with preferred embodiments of the present invention; 

Fig. 16 is a simplified sectional illustration of an electro-optic integrated 
circuit constructed and operative in accordance with yet another preferred embodiment 

of the present invention; 

Figs. 17A, 17B and 17C are enlarged sunplified optical iUustrations of a 
portion of Fig. 16 in accordance with fiirther embodiments of the present invention; 

Figs. 18 A, 18B, 18C and 18D are simplified illustrations of a method for 
fabricating optical elements employed in the embodunents of Figs. 4A - 6C in 
accordance with one embodiment of the present invention; 

Figs. 19A, 19B, 19C, 19D and 19E are simpUfied illustiations of a 
method for fabricating optical elements employed in the embodiments of Figs. lA - 6C 
in accordance with another embodiment of the present invention; 

Figs. 20A, 20B, 20C, 20D, 20E and 20F are simplified iUustrations of a 
method for febricatmg optical elements employed in tiie embodiments of Figs. 9A - 
17C in accordance with yet anotiier embodiment of tiie present invention; 

Figs. 21A, 21B, 21C, 21D, 21E and 21F are sunplified Ulustrations of a 
metiiod for fabricating optical elements employed in the embodiments of Figs. 1 A - 
17C in accordance with still anotiier embodiment of tiie present invention; 
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Figs. 22A, 22B, 22C, 22D, 22E, 22F and 22G are simplified iUustrations 
of a method for febricating optical elements employed in the embodiments of Figs. lA- 
8C in accordance with a further embodiment of the present invention; 

Figs. 23A, 23B, 23C, 23D, 23E, 23F and 23G are simplified illustrations 
of a method for fabricating optical elements employed in the embodiments of Figs. 9A - 
17C in accordance with yet a further embodiment of the present invention; 

Figs. 24A, 24B, 24C, 24D, 24E, 24F and 24G are simplified illustrations 
of a method for fabricating optical elements employed in the embodiments of Figs. 1 A - 
17C in accordance with a still further embodiment of the present invention; 

Figs. 25A, 25B, 25C and 25D are simplified illustrations of multiple 
stages in the production of a multi-chip module in accordance with a preferred 
embodiment of the present invention; 

Fig. 26 is a simplified iUustration of a multi-chip module of the type 
referenced in Figs. 25 A - 25D, including a laser light source; 

Fig. 27 is a simplified illustration of a multi-chip module of the type 
reforenced in Figs. 25 A - 25D, including an optical detector; 

Fig. 28 is a simplified illustration of a multi-chip module of the type 
referenced in Figs. 25A - 25D, including an electrical element; 

Fig. 29 is a simplified illustration of a multi-chip module of the type 
referenced in Figs. 25A - 25D, including multiple elements located in multiple recesses 
formed within a substrate; 

Fig. 30 is a simplified illustration of a multi-chip module of the type 
referenced in Figs. 25A - 25D, including multiple stacked elements located in recesses 

formed within substrates; 

Figs. 31 A, 3 IB, 3 IC and 3 ID are simplified sectional illustrations of 
stages in the production of an electro-optic integrated assembly in accordance with a 
preferred embodiment of the present invention; 

Fig. 32 is an enlarged simplified optical illustration of a portion of Fig. 

3 ID; 

Figs. 33A, 33B, 33C and 33D are simplified sectional illustrations of 
stages in the production of an electro-optic integrated assembly in accordance with 
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another preferred embodiment of the present invention; 

Fig. 34 is an enlarged simplified optical illustration of a portion of Fig. 

33D; 

Figs, 35A, 35B, 35C and 35D are simplified sectional illustrations of 
5 stages in the production of an electro-optic integrated assembly in accordance with a 
preferred embodiment of the present invention; 

Fig. 36 is an enlarged simplified optical illustration of a portion of Fig. 

35D; 

Figs. 37A, 37B, 37C and 37D are simplified sectional illustrations of 
10 stages m the production of an electro-optic integrated assembly in accordance with 
another preferred embodiment of the present invention; 

Fig. 38 is an enlarged simplified optical illustration of a portion of Fig- 

37D; 

Figs. 39A, 39B, 39C and 39D are simplified sectional illustrations of 
15 stages in the production of an electro-optic integrated assembly in accordance with yet 
another preferred embodiment of the present invention; 

Fig. 40 is a simplified optical illustration of Fig. 39D; 
Figs. 41A, 41B, 41C and 41D are simplified sectional illustrations of 
stages in the production of an electro-optic integrated assembly in accordance with still 
20 another preferred embodiment of the present invention; 

Fig. 42 is a simplified optical illustration of Fig. 41D; 
Fig. 43 is a simplified optical illustration of optical communication 
between connectors of the types shown in Figs. 40 and 42; 

Fig, 44 is a simplified optical illustration of optical commxmication 
25 between two connectors of the type shown in Fig. 40; 

Fig. 45 is a simplified optical illustration of optical commxmication 
between two connectors of the type shown in Fig. 42; 

Figs. 46A, 46B, 46C and 46D are simplified illustrations of stages in the 
production of an electro-optic integrated circuit in accordance with another preferred 
30 embodiment of the present invention; 

Fig. 47 is an enlarged simplified optical illustration of a portion of Fig. 
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46D; 

Fig. 48 is a simplified optical illxistration of optical communication 
between an electro-optic integrated circuit and an electro-optic integrated circuit in 
accordance with another preferred embodiment of the present invention; 

Fig. 49 is a simplified optical illustration of optical communication 
between an optic integrated circuit and an electro-optic integrated circuit in accordance 
with a preferred embodiment of the present invention; 

Figs. 50A, SOB, 50C, SOD and 50E are simplified pictorial illustrations 
of stages in the production of an electro-optic integrated circuit constructed and 
operative in accordance with still another preferred embodiment of the present 
invention; 

Fig. 51 is a simplified functional illustration of a preferred embodiment 

of the structure of Fig. SOE; 

Figs. 52A and 52B are simpUfied pictorial illustrations of a packaged 
electro-optic circuit having integrally formed therein an optical connector and electrical 
connections, alone and in conjunction with a conventional optical connector; 

Figs. S3A, 53B, 53C, 53D, 53E and S3F are simplified pictorial and 
sectional illusfa:ations of a first pluraUty of stages in tiie manufactiare of tiie packaged 
electro-optic circuit of Figs. 52A and 52B; 

Figs. 54A, S4B, 54C, 54D, 54E, 54F, 54G, 54H, S4I and 54J are 
simplified pictorial and sectional illustrations of a second pluraUty of stages in the 
manufecture of the packaged electiro-optic circuit of Figs. 52A and 52B; 

Figs. 5SA, S5B, 55C and 55D are simplified pictorial and sectional 
Ulustrations of a tiiird plurality of stages in the manufacture of the packaged 
electro-optic circuit of Figs. 52 A and 52B; 

Figs. S6A, 56B and 56C are enlarged simpUfied optical Ulustrations of a 
portion of Fig. S5D in accordance witii various preferred embodiments of the present 
invention; 

Fig. 57 is a simpUfied sectional illustration of an electro-optic ckcuit 
constricted and operative in accordance with another preferred embodiment of the 
present invention; 
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Figs. 58A, 58B and 58C are enlarged simplified optical illustrations of a 
portion of Fig. 57 in accordance with various other preferred embodiments of the 
present invention; 

Fig. 59 is a simplified pictorial illustration corresponding to sectional 
5 illustration 55D; 

Figs. 60A, 60B, 60C, 60D, 60E and 60F are simplified pictorial and 
sectional illxistrations of a fourth plurality of stages in the manufacture of the packaged 
electro-optic circuit of Figs. 52A and52B; and 

Fig. 61 is a simplified illustration of incorporation of packaged 
10 electro-optic circuits of the type shown in Figs. 52A and 52B as parts of a larger 
electrical circuit. 

Fig. 62 is a simplified pictorial illustration of an initial stage in the 
production of an electro-optic integrated circuit constracted and operative in accordance 
with a preferred embodiment of the present invention; 
15 Figs. 63 A, 63B, 63 C, 63D and 63E are simplified sectional illustrations 

of fiirther stages in the production of the electro-optic integrated circuit of Fig. 62; 

Fig. 64 is a simplified illustration of an integrated circuit module of the 
type referenced in Figs. 63 A - 63E, including a laser light source; 

Fig. 65 is a simplified illustration of an integrated circuit module of the 
20 type referenced in Figs. 63A - 63E, including an optical detector; 

Fig. 66 is a simplified illustration of an integrated circuit module of the 
type referenced in Figs. 63A - 63E, including multiple elements located in multiple 
recesses formed within a substrate; 

Figs. 67A, 67B, 67C and 67D are simplified pictorial illustrations of 
25 additional stages in the production of an electro-optic integrated circuit constructed and 
operative in accordance with the preferred embodiment of the present invention; 

Figs. 68A, 68B, 68C and 68D are simplified sectional illustrations of 
additional stages in the production of an electro-optic integrated circuit referenced in 
Figs. 67A-67D. 

30 Figs. 69 A, 69B and 69C are enlarged simplified optical illustrations of a 

portion of Fig. 68D in accordance with a preferred embodiments of the present 
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invention; 

Fig. 70 is a simplified sectional illustration of an electro-optic integrated 
circuit constructed and operative in accordance with yet another preferred embodiment 
of the present invention; 

5 Figs. 71 A, 71B and 71C are enlarged simplified optical illustrations of a 

portion of Fig. 70 in accordance with other embodiments of the present invention; 

Figs. 72A, 72B, 72C, 72D and 72E are simplified pictorial iUustrations of 
stages in the production of an electro-optic integrated circuit constructed and operative 
in accordance with still another preferred embodiment of the present invention; 

10 Fig. 73 is a shnpUfied fimctional illustration of a preferred embodiment 

of the structure of Fig. 72E; 

Figs. 74A, 74B, 74C, 74D and 74E are simplified illustrations of a 
method for fabricating optical elements employed m the embodiments of Figs. 62 - 73 
and Figs. 81 A - 87 in accordance with different embodiments of the present invention; 

15 Figs. 75 A, 75B, 75C, 75D, 75E and 75F are simplified illustrations of a 

method for fabricating optical elements employed in the embodiments of Figs. 62 - 73 
and Figs. 81 A - 87 in accordance with other embodiments of the present invention; 

Figs. 76A, 76B, 76C, 76D, 76E, 76F and 76G are simplified illustrations 
of a method for fabricating optical elements employed in the embodiments of Figs. 62 - 

20 73 and Figs. 81 A - 87 in accordance with yet other embodiments of the present 
invention; 

Figs. 77 A, 77B, 77C, 77D, 77E, 77F and 77G are simplified illustrations 
of a method for fabricating optical elements employed in the embodiments of Figs. 62 - 
73 and Figs. 81 A - 87 in accordance with still another embodiment of the present 
25 invention; 

Figs. 78A, 78B, 78C, 78D, 78E, 78F, 78G and 78H are simplified 
illxistrations of a method for fabricating optical elements employed in the embodiments 
of Figs. 62 - 73 and Figs. 81A - 87 in accordance with a fiirther embodiment of the 
present invention; 

30 Figs. 79A, 79B, 79C, 79D, 79E, 79F, 79G and 79H are simplified 

illustrations of a method for fabricating optical elements employed in the embodiments 
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of Figs. 62 - 73 and Figs. 81 A - 87 in accordance with yet a further embodiment of the 
present invention; 

Figs. 80A, SOB, 80C, SOD, 80E, 80F, 80G and 80H are simpUfied 
illustrations of a method for febricating optical elements employed in fhe embodiments 
5 of Figs. 62 - 73 and Figs. 8 1 A - 87 in accordance with still a fiorflier embodiment of the 
present invention; 

Figs. 81 A and 8 IB are simplified pictorial illustrations of a packaged 
electro-optic circuit having integrally formed therein an optical connector and electrical 
connections, alone and in conjimction with a conventional optical connector; 
10 Figs. 82A, 82B, 82C, 82D, 82E, 82F and 82G are simplified pictorial and 

sectional illustrations of a plurality of stages in the manvifecture of the packaged 
electro-optic circuit of Figs. 81A and 81B; 

Figs. 83A, 83B, 83C, 83D and 83E are simplified pictorial and sectional 
illustrations of a further plurality of stages in the manufacture of the packaged 
1 5 electro-optic circuit of Figs. 8 1 A and 8 1 B ; 

Fig. 84 is a simplified pictorial illustration corresponding to sectional 

illustration 68B; 

Fig. 85 is a simplified pictorial illustration corresponding to sectional 

illustrations 68C, 68D and 70; 
20 Figs. 86A, 86B, 86C, S6D, 86E and 86F are simplified pictorial and 

sectional illustrations of a further plurality of stages in the manufacture of the packaged 

electro-optic circuit of Figs. 81 A and 8 IB; and 

Fig. 87 is a simplified illvistration of incorporation of packaged 

electro-optic circuits of the type shown in Figs. 81 A and 81 B as parts of a larger 
25 electrical circuit. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Reference is now made to Figs. lA, IB. IC, ID and IE, which are 
simplified pictorial illustrations of initial stages in the production of an electro-optic 
integrated circuit constructed and operative in accordance with a preferred embodiment 
of the present invention. As seen in Fig. lA, one or more electrical circuits 100 are 
preferably formed onto a first surface 102 of a substrate 104, preferably a siUcon 
substrate or a substrate that is generally transparent to light within at least part of the 
wavelength range of 600 - 1650 nm, typically of thickness between 200 - 800 microns. 
The electrical circuits 100 are preferably formed by conventional photolithographic 
techniques employed in the production of integrated circuits, and included within a 
planarized layer 105 formed onto substrate 104. The substrate preferably is then turned 
over, as indicated by an arrow 106, and one or more electrical circuits 108 are formed on 
an opposite surface 110 of substrate 104, as shown in Fig. IB. 

Referring now to Fig. IC, preferably, following formation of electrical 
circuits 100 and 108 on respective surfaces 102 and 110 of substrate 104, an array of 
parallel, spaced, elongate optical fiber positioning elements 112 is preferably formed, 
such as by conventional photolithographic techniques, over a planarized layer 114 
including electrical circuits 108 (Fig. IB). As seen in Fig. ID. an array of optical fibers 
1 16 is disposed over layer 1 14, each fiber being positioned between adjacent positioning 
elements 112. The fibers are fixed in place relative to positioning elements 112 and to 
layer 114 of substrate 104 by means of a suitable adhesive 118, preferably epoxy, as 
seen in Fig. IE. 

Reference is now made to Figs. 2A, 2B, 2C, and 2D, which are 
simplified sectional illustrations, taken along the lines E - H in Fig. IE, of finther stages 
in the production of an electro-optic integrated circuit. As seen in Fig. 2A, electro-optic 
components 120, such as diode lasers, are mounted onto electrical circuit 100 (not 
shown), included within planarized layer 105. It is appreciated that electro-optic 
components 120 may be any suitable electro-optic component, such as a laser diode, 
diode detector, waveguide, array waveguide grating or a semiconductor optical 
amplifier. 

As shown in Fig. 2B, a transverse notch 124 is preferably formed, at least 
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partially overlapping the locations of tiie electro-optic components 120 and extending 
through the adhesive 118 and partially through each optical fiber 116. Specifically, in 
this embodiment, the notch 124 extends through part of the cladding 126 of each fiber 
116 and entirely through the core 128 of each fiber. It is appreciated that the surfaces 
defined by the notch 124 are relatively rough, as shown. 

Turning now to Fig. 2C, it is seen that a mirror 130 is preferably moimted 
parallel to one of the rough inclined surfaces 132 defined by notch 124. Mirror 130 
preferably comprises a glass substrate 134, with a surface 135 facing surface 132 
defined by notch 124, having formed on an opposite surface 136 thereof, a metallic layer 
or a dichroic filter layer 138. As seen in Fig. 2D, preferably, the mirror 130 is securely 
held in place partially by any suitable adhesive 139, such as epoxy, and partially by an 
optical adhesive 140, such as OG 146, manufactured by Epoxy Technology, 14 Fortune 
Drive, Billerica, MA 01821, USA, whose refiractive index, preferably, is precisely 
matched to that of the cores 128 of the optical fibers 1 16. It is appreciated that optical 
adhesive 140 may be employed throughout instead of adhesive 139. The adhesive 140 
preferably fills the interstices between the roughened surface 132 defined by notch 124 
and surface 135 of mirror 130. 

Reference is now made to Fig. 3, which is an enlarged simplified optical 
illustration of a portion of Fig. 2D. Here it is seen that a generally uninterrupted optical 
path is defined for light, preferably m the wavelengtii range of 600 - 1650 nm, firom an 
end 150 of a core 128, through adhesive 140 and substrate 134 to a reflective surface 
152 of layer 138 of mirror 130 and thence through substrate 134, adhesive 140 and 
cladding 126, through layer 1 14 and substrate 104, which are substantiaUy transparent to 
this light. It is noted that the index of refiraction of adhesive 140 is close to but not 
identical to that of cladding 126 and substrate 134. It is noted that mirror 130 typicaUy 
reflects Ught onto electro-optic component 120 (Tig. 2D), without focusing or 

collimating the light. 

Reference is now made to Figs. 4A, 4B, 4C. 4D and 4E, which are 
simplified pictorial iUustrations of initial stages in tiie production of an electro-optic 
integrated circuit constructed and operative in accordance with a preferred embodunent 
of the present invention. As seen in Fig. 4A, one or more electrical circuits 200 are 
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preferably formed onto a jSrst surfece 202 of a substrate 204, preferably a substrate that 
is generally transparent to light within at least part of the wavelength range of 400 - 
1650 mn, typicaUy of thickness between 200 - 1000 microns. The electrical ckcuits 200 
are preferably formed by conventional photolithographic techniques employed in the 
production of integrated circuits, and included within a planarized layer 205 formed 
onto substrate 404. The substrate preferably is then turned over, as indicated by an arrow 
206, and as shown in Fig. 4B. 

Referring now to Fig. 4C, preferably, foUowmg formation of electrical 
curcuits 200 on surface 202 of substrate 204, an array of paraUel, spaced, elongate 
optical fiber positioning elements 212 is preferably formed, such as by conventional 
photolitibographic techniques, over an opposite surfece 210 of substrate 204. As seen m 
Fig. 4D, an array of optical fibers 216 is disposed over surface 210 of substrate 204, 
each fiber being positioned between adjacent positioning elements 212. The fibers 216 
are fixed in place relative to positioning elements 212 and to surface 210 of substrate 
204 by means of a suitable adhesive 218, preferably epoxy, as seen in Fig. 4E. 

Reference is now made to Figs. 5A, 5B, 5C, and 5D, which are 
simplified sectional iUustrations, taken along the lines V - V in Fig. 4E, of further stages 
in the production of an electro-optic integrated circuit. As seen m Fig. 5A, electro-optic 
components 220, such as diode lasers, are mounted onto electrical circuit 200 (not 
shown), included withm planarized layer 205. It is appreciated that electro-optic 
components 220 may be any suitable electro-optic component, such as a laser diode, 
diode detector, waveguide, array waveguide grating or a semiconductor optical 
amplifier. 

As shown m Fig. 5B, a transverse notch 224 is preferably formed, at least 
partially overlapping the locations of the electro-optic components 220 and extending 
through the adhesive 218, entirely through each optical fiber 216 and partially mto 
substrate 204. SpecificaUy, in this embodiment, the notch 224 extends through all of 
cladding 226 of each fiber 216 and entirely through the core 228 of each fiber. It is 
appreciated that the surfaces defined by the notch 224 are relatively rough, as shown. 

Turning now to Fig. 5C, it is seen that a partially flat and partiaUy 
concave mirror 230 is preferably mounted parallel to one of the rough inclined surfaces 
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232 defined by notch 224. Mirror 230 preferably comprises a glass substrate 234 having 
formed thereon a curved portion 236 over which is formed a curved metaUic layer or a 
dichroic filter layer 238. As seen in Fig. 5D. preferably, the mirror 230 is securely held 
in place partially by any suitable adhesive 239, such as epoxy, and partially by an optical 
adhesive 240, such as OG 146. manufactured by Epoxy Technology, 14 Fortune Drive, 
Billerica. MA 01821, USA, whose refractive index preferably is precisely matched to 
that of the cores 228 of the optical fibers 216. It is appreciated that optical adhesive 240 
may be employed throughout instead of adhesive 239. Optical adhesive 240 preferably 
fills the interstices between the roughened surface 232 defined by notch 224 and a 

svirface 242 of mirror 230. 

Reference is now made to Fig. 6A, which is an enlarged simplified 
optical illustration of a portion of Fig. 5D. Here it is seen that a generally uninterrupted 
optical path is defined for light, preferably in the wavelength range of 400 - 1650 nm, 
from an end 250 of a core 228, through adhesive 240, substrate 234 and curved portion 
15 236 to a reflective surface 252 of layer 238 and thence through curved portion 236, 
adhesive 240, substrate 204 and layer 205 which are substantially transparent to this 
Ught. It is noted that the index of refraction of adhesive 240 is close to but not identical 
to that of curved portion 236 and substrates 204 and 234. In the embodiment of Fig. 6A, 
the operation of curved layer 238 is to focus Ught exiting from end 250 of core 228 onto 

20 the electro-optic component 220. 

Reference is now made to Fig. 6B, which is an enlarged simplified 
optical illustration of a portion of Fig. 5D in accordance with a fiirther embodiment of 
the present invention. In this embodiment, the curvature of curved layer 238 produces 
coUimation rather than focusing of the light exitmg from end 250 of core 228 onto the 

25 electro-optic component 220. 

Reference is now made to Fig. 6C, which is an enlarged simplified 
optical illustration of a portion of Fig. 5D in accordance with yet another embodiment of 
the present invention wherein a grating 260 is added to curved layer 238. The additional 
provision of grating 260 causes separation of Ught impinging thereon according to its 

30 wavelength, such that multispectral light exiting from end 250 of core 228 is focused at 
multiple locations on electro-optic component 220 in accordance with the wavelengths 
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of components thereof. 

Reference is now made to Fig. 7. which is a simplified sectional 
iUustration of an electro-optic integrated circuit constructed and operative in accordance 
with yet another preferred embodiment of the present invention. The embodiment of 
Fig. 7 corresponds generally to that described hereinabove with respect to Fig. 5D other 
than in that a mirror with multiple concave reflective surfaces is provided rather than a 
mirror with a single such reflective surface. As seen in Fig. 7, it is seen that light from 
optical fiber 316 is directed onto an electro-optic component 320 by a partially flat and 
partiaUy concave mirror assembly 330, preferably mounted parallel to one of the rough 
inclined surfaces 332 defined by notch 324. Mirror assembly 330 preferably comprises a 
glass substrate 334 having formed thereon a plurality of curved portions 336 over which 
are formed a curved metallic layer or a dichroic filter layer 338. Mirror assembly 330 
also defines a reflective surface 340, which is disposed on a planar surface 342 generally 
opposite layer 338. Preferably, the mirror assembly 330 is securely held in place 
partially by any suitable adhesive 343, such as epoxy, and partiaUy by an optical 
adhesive 344, such as OG 146, manufectured by Epoxy Technology. 14 Fortune Drive, 
BUlerica. MA 01821, USA, whose refractive index preferably is precisely matched to 
that of the cores 328 of the optical fibers 316. It is appreciated that optical adhesive 344 
may be employed throughout instead of adhesive 343. The optical adhesive 344 
preferably fills the interstices between the roughened surface 332 defined by notch 324 
and surface 342 of mirror assembly 330. 

Reference is now made to Fig. 8A, which is an enlarged simplified 
optical illustration of a portion of Fig. 7. Here it is seen that a generally uninterrupted 
optical path is defined for light, preferably in the wavelength range of 400 - 1650 nm, 
from an end 350 of a core 328. through adhesive 344, substrate 334 and first curved 
portion 336, to a curved reflective surface 352 of layer 338 and thence through first 
curved portion 336 and substrate 334 to reflective surface 340, from reflective surface 
340 through substrate 334 and second curved portion 336 to another curved reflective 
surface 354 of layer 338 and thence through second curved portion 336, substrate 334. 
adhesive 344, substrate 304 and layer 305, which are substantiaUy transparent to this 
light It is noted that the index of refraction of adhesive 344 is close to but not identical 
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to that of substrates 304 and 334. In the embodiment of Fig. 8A. the operation of curved 
layer 338 and reflective surface 340 is to focus Ught exiting from end 350 of core 328 
onto the electro-optic component 320. 

Reference is now made to Fig. 8B, which is an enlarged simplified 
optical illustration of a portion of Fig. 7 in accordance with a further embodiment of the 
present invention. In this embodiment, the curvature of curved layer 338 produces 
collimation rather than focusing of the Ught exiting ifrom end 350 of core 328 onto the 
electro-optic component 320. 

Reference is now made to Fig. 8C, which is an enlarged simplified 
optical illustration of a portion of Fig. 7 in accordance with yet another embodiment of 
the present invention wherein a reflective grating 360 replaces reflective surface 340. 
The additional provision of grating 360 causes separation of light impinging thereon 
according to its wavelength, such that multispectral light existing from end 350 of core 
328 is focused at multiple locations on electro-optic component 320 in accordance with 
the wavelengths of components thereof. 

Reference is now made to Figs. 9A, 9B. 9C, 9D and 9E, which are 
simpUfied pictorial illustrations of initial stages in the production of an electro-optic 
integrated circuit constructed and operative in accordance with yet another preferred 
embodiment of the present mvention. As seen in Fig. 9A, one or more electrical circuits 
400 are preferably formed onto a portion of a surface 402 of a substrate 404, preferably 
a glass, silicon or ceramic substrate, typically of thickness between 300 - 1000 microns. 
The electrical circuits 400 are preferably formed by conventional photoUthographic 
techniques employed in the production of integrated circuits, and included within a 
planarized layer 406 formed onto substrate 404. 

Turning now to Fig. 9B, it is seen that another portion of the surface 402 
is formed with an array of parallel, spaced, elongate optical fiber positioning elements 
412 by any suitable technique, such as etching or notching. As seen in Fig. 9C, an array 
of optical fibers 416 is engaged with substrate 404, each fiber being positioned between 
adjacent positioning elements 412. The fibers are fixed in place relative to positioning 
elements 412 and to substrate 404 by means of a suitable adhesive 418, preferably 
epoxy, as seen in Fig. 9D. As seen in Fig. 9E, a pluraUty of electro-optic components 
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420, such as diode lasers, are mounted in operative engagement with electrical circuits 
400, each electro-optic component 420 preferably being aUgned with a corresponding 
fiber 416. It is appreciated that electro-optic component 420 may be any suitable 
electro-optic component, such as a laser diode, diode detector, waveguide, array 
waveguide grating or a semiconductor optical amplifier. 

Reference is now made to Figs. lOA, lOB. IOC. and lOD, which are 
simplified sectional illustrations, taken along the lines X - X in Fig. 9E. of fiarther stages 
in the production of an electro-optic integrated circuit. As seen in Fig. lOA, which 
corresponds to Fig. 9E, electro-optic components 420 are each mounted onto an 
electrical circuit (not shown), included within planarized layer 406 formed onto 
substrate 404. As shown in Fig. lOB, a transverse notch 424 is preferably formed to 
extend through the adhesive 418 entirely through each optical fiber 416 and partially 
into substrate 404. SpecificaUy, in this embodiment, the notch 424 extends through all 
of cladding 426 of each fiber 416 and entirely through the core 428 of each fiber. It is 
appreciated that the surfaces defined by the notch 424 are relatively rough, as shown. 

Turning now to Fig. IOC, it is seen that a partially flat and partially 
concave mirror assembly 430 is preferably mounted parallel to one of the rough inclined 
surfaces 432 defined by notch 424. Mirror assembly 430 preferably comprises a glass 
substrate 434 havmg formed thereon a curved portion 436 over which is formed a 
curved metalUc layer or a dichroic filter layer 438. Mirror assembly 430 also defines a 
planar surface 440, generally opposite layer 438, having formed thereon a metallic layer 
or a dichroic filter layer 442 underlying part of the curved portion 436. 

As seen in Fig. lOD, preferably, the mirror assembly 430 is securely held 
in place partiaUy by any suitable adhesive 444. such as epoxy, and partially by an optical 
adhesive 446. such as OG 146. manufactured by Epoxy Technology, 14 Fortune Drive, 
Billerica. MA 01821, USA. whose refractive index preferably is precisely matched to 
that of file cores 428 of the optical fibers 416. It is appreciated tiiat optical adhesive 446 
may be employed throughout instead of adhesive 444. 

Reference is now made to Fig. HA, which is an enlarged simplified 
optical iUustration of a portion of Fig. lOD. Here it is seen tiiat a generally uninterrupted 
optical patii is defined for light, preferably in the wavelengtii range of 400 - 1650 mn. 
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from each electro-optic component 420 through glass substrate 434 and curved portion 
436 of mirror assembly 430 into reflective engagement with layer 438 and thence 
through curved portion 436 and substrate 434 to layer 442 and reflected from layer 442 
through substrate 434 and adhesive 446 to focus at an end 450 of a core 428. In the 
5 embodiment of Fig. UA, the operation of curved layer 438 is to focus Ught exiting from 
electro-optic component 420 onto end 450 of core 428. 

Reference is now made to Fig. UB. which is an enlarged simpUfied 
optical illustration of a portion of Fig. lOD in accordance with a further embodiment of 
the present invention. In this embodiment, the curvature of curved layer 438 produces 
10 collimation rather than focusing of the Ught exiting from electro-optic component 420 

onto end 450 of core 428. 

Reference is now made to Fig. IIC. which is an enlarged simplified 
optical illustration of a portion of Fig. lOD in accordance with yet another embodiment 
of the present invention wherein a grating 460 is added to curved layer 438. The 
15 additional provision of grating 460 causes separation of light impmging thereon 
according to its wavelength, such that only one component of multispectral Ught exitmg 
electro-optic component 420 is focused on end 450 of core 428. 

Reference is now made to Fig. 12, v^ch is a simpUfied sectional 
illustration of an electro-optic integrated circuit constructed and operative in accordance 
20 with yet another preferred embodiment of the present invention. lUe embodiment of 
Fig 12 corresponds generally to that described hereinabove with respect to Fig. lOD 
other than in that a mirror with multiple concave reflective surfaces is provided rather 
than a mirror with a single such reflective surface. As seen in Fig. 12. it is seen that light 
from an electro-optic component 520, such as a laser diode, is directed onto a partially 
25 flat and partially concave mirror assembly 530, preferably mounted parallel to one of the 
rough incUned surfaces 532 defined by notch 524. It is appreciated that electro-optic 
component 520 may be any suitable electro-optic component, such as a laser diode, 
diode detector, waveguide, array waveguide grating or a semiconductor optical 
amplifier. Mirror assembly 530 preferably comprises a glass substrate 534 havmg 
30 formed thereon a plurality of curved portions 536 over which are formed a curved 
nxetalUc layer or a dichroic filter layer 538. Mirror assembly 530 also defines a reflective 
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surface 540, which is disposed on a planar sxorface 542 generally opposite layer 538. 

Preferably, the mirror assembly 530 is securely held in place partially by 
any suitable adhesive 544, such as epoxy, and partially by an optical adhesive 546, such 
as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 
5 0 1 821, USA, whose refractive index preferably is precisely matched to that of the cores 
528 of the optical fibers 516. It is appreciated that optical adhesive 546 may be 
employed throughout instead of adhesive 544. 

Reference is now made to Fig. 13 A, which is an enlarged simplified 
optical illustration of a portion of Fig. 12. Here it is seen that a generally unmterrupted 

10 optical path is defined for light, preferably in the wavelength range of 400 - 1650 nm, 
firom each electro-optic component 520 through substrate 534 and a first curved portion 
536 of mirror assembly 530 into reflective engagement with a part of layer 538 
overlying first curved portion 536 and thence through first curved portion 536 and 
substrate 534 to reflective surface 540, where it is reflected back through substrate 534 

15 and a second curved portion 536 to another part of layer 538 overlying second curved 
portion 536 and is reflected back through second curved portion 536 and substrate 534 
to reflective surface 540 and tiience through substrate 534 and adhesive 546 to focus at 
an end 550 of a core 528. In the embodiment of Fig. 13 A, the operation of curved layer 
538 overlying first and second curved portions 536 is to focus light exiting from 

20 electi:o-optic component 520 onto end 550 of core 528, with enhanced optical 
properties. 

Reference is now made to Fig. 13B, which is an enlarged simplified 
optical illustration of a portion of Fig. 12 in accordance with a further embodiment of 
the present invention. In this embodiment, the curvature of curved layer 538 produces 

25 collimation rather than focusing of tiie light exiting from electro-optic component 520 
onto end 550 of core 528. 

Reference is now made to Fig. 13C, which is an enlarged simplified 
optical illustration of a portion of Fig. 12 in accordance with yet another embodiment of 
the present invention wherein a reflective grating 560 replaces part of reflective surface 

30 540. The additional provision of grating 560 causes separation of light impinging 
thereon according to its wavelength, such that only one component of multispectral light 
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exiting electro-optic component 520 is focused on end 550 of core 528. 

Reference is now made to Figs. 14A, 14B, 14C and 14D, which are 
simplified pictorial illustrations of further stages in the production of an electro-optic 
integrated circuit constructed and operative in accordance with yet another preferred 
5 embodiment of the present invention. As seen in Fig. 14A, similarly to that shown in 
Fig. 5A, electro-optic components 600, such as edge emitting diode lasers, are moimted 
onto an electrical circuit (not shown), included within a planarized layer 602 formed 
onto a surface 603 of a substrate 604, at the opposite surface 606 of which are mounted 
optical fibers 616 by means of adhesive 618. It is appreciated that electro-optic 
10 components 600 may be any suitable electro-optic component, such as a laser diode, 
diode detector, waveguide, array waveguide grating or a semiconductor optical 
amplifier. 

As shown in Fig. 14B, a transverse notch 624 is preferably formed, 
extending completely through substrate 604 and entirely through each optical fiber 616 
15 and partially into adhesive 618. Specifically, in this embodiment, the notch 624 extends 
through aU of cladding 626 of each fiber 616 and entirely through the core 628 of each 
fiber. It is appreciated that the surfaces defined by the notch 624 are relatively rough, as 
shown. 

Turning now to Fig. 14C, it is seen that a partially flat and partially 
20 concave mirror assembly 630 is preferably mounted parallel to one of the rough inclined 
surfaces 632 defined by notch 624. Mirror assembly 630 preferably comprises a glass 
substrate 634 having formed thereon a curved portion 636. A partially planar and 
partially curved metallic layer or a dichroic filter layer 638 is formed over a surface 640 
of substrate 634 and curved portion 636 formed thereon. A reflective layer 642 is 
25 formed on an opposite surface 643 of substrate 634 opposite layer 638. 

As seen in Fig. 14D, preferably, the mirror assembly 630 is securely held 
in place partially by any suitable adhesive 644, such as epoxy, and partially by an optical 
adhesive 646, such as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, 
Billerica, MA 01821, USA, whose refiractive index preferably is precisely matched to 
30 that of the cores 628 of the optical fibers 616. It is appreciated that optical adhesive 646 
may be employed throughout instead of adhesive 644. 
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Reference is now made to Fig. 15A, which is a simplified optical 
illustration of Fig. 14D. Here it is seen that a generally uninterrupted optical path is 
defined for light, preferably in the wavelength range of 400 - 1650 nm, from each 
electro-optic component 600 through glass substrate 634 and curved portion 636 of 
5 mirror assembly 630 into reflective engagement with a curved portion 660 of layer 638 
and thence through curved portion 636 and substrate 634 into reflective engagement 
with layer 642 and thence through multiple reflections through substrate 634 between 
layer 638 and layer 642, and then through substrate 634 and adhesive 646 to focus at an 
end 650 of a core 628. In the embodiment of Fig. 15A, tiie operation of the curved 
10 portion of layer 638 is to focus light exiting from electro-optic component 600 onto end 
650 of core 628. 

Reference is now made to Fig. 15B, which is a simplified optical 
illustration of Fig. 14D in accordance with a further embodiment of the present 
invention. In this embodiment, the curvature of the cvirved portion 660 of layer 638 

15 produces collimation rather than focusing of the Ught exiting from electro-optic 
component 600 onto end 650 of core 628. 

Reference is now made to Fig. 15C, which is a simplified optical 
illustration of Fig. 14D in accordance with yet another embodiment of the present 
invention wherein a grating 662 is added to the curved portion 660 of layer 638. The 

20 additional provision of grating 662 causes separation of light impinging thereon 
according to its wavelength, such that only one component of multispectral light exiting 
electro-optic component 600 is focused on end 650 of core 628. 

Reference is now made to Fig. 16, which is a simplified sectional 
illustration of an electro-optic integrated circuit constructed and operative in accordance 

25 with still anotiier preferred embodiment of the present invention. The embodiment of 
Fig. 16 corresponds generally to that described hereinabove with respect to Fig. 14D 
other than in that a mirror with multiple concave reflective surfeces is provided rather 
than a mirror with a single such reflective surface. As seen in Fig. 16, it is seen that Ught 
from an electro-optic component 720, such as a diode laser, is directed onto a partially 

30 flat and partially concave mirror assembly 730, preferably mounted parallel to one of the 
rough inclined surfeces 732 defined by notch 724. It is appreciated that electro-optic 
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component 720 may be any suitable electro-optic component, such as a laser diode, 
diode detector, waveguide, array waveguide grating or a semiconductor optical 
amplifier. Mirror assembly 730 preferably comprises a glass substrate 734 having 
fonned thereon a plurality of curved portions 736 over which are formed a curved 
metallic layer or a dichroic filter layer 738. Mirror assembly 730 also defines a reflective 
surface 740, which is disposed on a planar surface 742 generally opposite layer 738. 

Preferably, the mirror assembly 730 is securely held in place partially by 
any suitable adhesive 744, such as epoxy, and partially by an optical adhesive 746, such 
as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 
01821, USA, whose refiractive index preferably is precisely matched to that of the cores 
728 of the optical fibers 716. It is appreciated that optical adhesive 746 may be 
employed throughout instead of adhesive 744. 

Reference is now made to Fig. 17 A, which is an enlarged simplified 
optical iUustration of a portion of Fig. 16. Here it is seen that a generally uninterrupted 
optical path is defined for light, preferably m the wavelength range of 400 - 1650 nm, 
firom each electro-optic component 720 tihrough glass substrate 734 of mirror assembly 
730 into reflective engagement with a part of layer 738 overlying the flat portion 
thereof and thence through substrate 734 to reflective surface 740, where it is reflected 
back through substrate 734 and a first curved portion 736 into reflective engagement 
with a part of layer 738 overlying first curved portion 736, and thence through first 
curved portion 736 and substrate 734 to reflective surface 740, where it is reflected back 
through substrate 734 and a second curved portion 736 to another part of layer 738 
overlying second curved portion 736 and is reflected back through second curved 
surface 736 and substrate 734 to reflective surface 740 and thence through substrate 734 
and adhesive 746 to focus at an end 750 of a core 728. In the embodiment of Fig. 17 A, 
the operation of curved layer 738 overlying first and second curved portions 736 is to 
focus light exiting from electro-optic component 720 onto end 750 of core 728, with 
enhanced optical properties. 

Reference is now made to Fig. 17B, which is an enlarged simplified 
optical illustration of a portion of Fig. 16 in accordance with a fiuther embodiment of 
the present invention, hi this embodiment, the curvature of curved layer 738 produces 
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coUimation rather than focusing of the light exiting from electro^ptic component 720 
onto end 750 of core 728. 

Reference is now made to Fig. 17C, which is an enlarged simplified 
optical illustration of a portion of Fig. 16 in accordance with yet another embodiment of 
5 the present invention wherein a reflective grating 760 replaces a middle portion of 
reflective surface 740. The additional provision of grating 760 causes separation of light 
impinging thereon according to its wavelength, such that only one component of 
multispectral light exiting electro-optic component 720 is focused on end 750 of core 
728. 

10 Reference is now made to Figs. 18A, 18B, 18C and 18D, which are 

simplified illustrations of a method for fabricating optical elements employed in the 
embodunents of Figs. 4A - 6C in accordance with one embodiment of the present 
invention. A glass substrate 800, typically of thickness 200 - 400 microns, seen in Fig. 
18 A, has formed thereon an array of microlenses 802, typically formed of photoresist, as 

15 seen in Fig. 18B. The microlenses 802 preferably have an index of refraction which is 
identical or very close to that of substrate 800. This may be achieved by one or more 
conventional techniques, such as photolithography and thermal reflow, photolithography 
using of a grey scale mask, and jet printing. 

A thin metal layer 804, typically aluminum, is formed over the substrate 

20 800 and microlenses 802 as seen in Fig. 18C, typically by evaporation or sputtering. The 
substrate 800 and the metal layer 804 formed thereon are then diced by conventional 
techniques, as shown in Fig. 18D, thereby defining individual optical elements 806, 
each including a cmrved portion defined by a microlens 802. 

Reference is now made to Figs. 19A, 19B, 19C, 19D and 19E, which are 

25 simpUfied illustrations of a method for fabricating optical elements employed in the 
embodiments of Figs. 1 A - 6C in accordance with another embodiment of the present 
invention. A glass substrate 810, typically of thickness 200 - 400 microns, seen m Fig. 
19A, has formed thereon an array of microlenses 812, typically formed of photoresist, as 
seen in Fig. 19B. The microlenses 812 preferably have an index of refraction which is 

30 identical or very close to that of substrate 810. This may be achieved by one or more 
conventional techniques, such as photolithography and thermal reflow, photolithography 
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using of a grey scale mask, and jet printing. 

A thin metal layer 814, typically aluminum, is formed over the substrate 
810 and microlenses 812 as seen in Fig. 19C, typically by evaporation or sputtering. The 
substrate 810 is then notched from underneath by conventional techniques. As seen in 
Fig. 19D, notches 815 are preferably formed at locations partially underlying 
microlenses 812. 

Following notching, the substrate 810, the microlenses 812 and the metal 
layer 814 formed thereon are diced by conventional techniques, as shown in Fig. 19E, 
thereby defining individual optical elements 816, each including a curved portion 
defined by part of a microlens 812. 

Reference is now made to Figs. 20A, 20B, 20C, 20D, 20E and 20F, 
which are simplified illustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 9A - 17C ia accordance with yet another embodiment of 
the present invention. A glass substrate 820, typically of thickness 200 - 400 microns, 
seen in Fig. 20A, has formed thereon an array of microlenses 822, typically formed of 
photoresist, as seen in Fig. 20B. The microlenses 822 preferably have an index of 
refraction which is identical or very close to that of substrate 820. Hus may be achieved 
by one or more conventional techniques, such as photolithography and thermal reflow, 
photolithography using of a grey scale mask, and jet printing. 

A thin metal layer 824, typically alumimim, is formed over the substrate 
820 and microlenses 822, as seen in Fig. 20C, typically by evaporation or sputtering. An 
additional metal layer 825, typicaUy aluminum, is similarly formed on an opposite 
surface of substrate 820. Metal layers 824 and 825 are patterned typically by 
conventional photolithographic techniques to define respective reflective surfaces 826 
and 827 as seen in Fig. 20D. 

The substrate 820 is notched from vmdemeath by conventional 
techniques. As seen in Fig. 20E, notches 828 need not be at locations partially 
underlying microlenses 822. Following notching, the substrate 820 is diced by 
conventional techniques, as shown in Fig. 20F, at locations intersecting inclined walls of 
the notches 828, thereby defining individual optical elements 829, each including a 
curved reflective portion defined by a pair of microlenses 822 as weU as a flat reflective 



36 



wo 03/088286 PCT/IL03/00308 
stirface 829. 

Reference is now made to Figs. 21 A, 21B, 21C, 21D, 21E and 21F 
which are simplified illustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. lA - 17C in accordance with still another embodiment of 
5 the present invention. A glass substrate 830, typically of thickness 200 - 400 microns, 
seen in Fig. 21A, has formed thereon an array of pairs of microlenses 832, typically 
foraied of photoresist, as seen in Fig. 2 IB. The microlenses 832 preferably have an 
index of refraction which is identical or very close to that of substrate 830. This may be 
achieved by one or more conventional techniques, such as photolithography and thermal 

1 0 reflow, photolithography using of a grey scale mask, and jet printing. 

A thin metal layer 834, typically alumintun, is formed over the substrate 
830 and pairs of microlenses 832, as seen in Fig. 21C, typically by evaporation or 
sputtering. An additional metal layer 835, typically aluminum, is similarly formed on an 
opposite surface of substrate 830, Metal layers 834 and 835 are patterned, typically by 

15 conventional photolithographic techniques, to define respective reflective surfaces 836 
and 837 as seen in Fig. 21D. 

The substrate 830 is notched from imdemeath by conventional 
techniques, defining notches 838, as seen in Fig. 21E. Following notching, the substrate 
830 is diced by conventional techniques, as shown in Fig. 2 IF, thereby defining 

20 individual optical elements 839, each including a curved reflective portion defined by a 
pair of microlenses 823 as well as a flat reflective surface 837. 

Reference is now made to Figs. 22A, 22B, 22C, 22D, 22E, 22F and 22G, 
which are simplified illustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 1 A - 8C in accordance with a fiirther embodiment of the 

25 present invention. A glass substrate 840, typicaUy of thickness 200 - 400 microns, seen 
in Fig. 22A, has formed in an underside surface thereof an array of reflective diffraction 
gratings 841, as seen in Fig. 22B, typicaUy by etching. Alternatively, the gratings 841 
may be formed on the surface of the substrate 840, typicaUy by Uthography or transfer. 
An array of pairs of microlenses 842, typicaUy formed of photoresist, is formed on an 

30 opposite surface of substrate 840, as seen in Fig. 22C. The microlenses 842 preferably 
have an index of refraction which is identical or very close to that of substrate 840. This 
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may be achieved by one or more conventional techniques, such as photolithography and 
thermal reflow, photolithography using of a grey scale mask, and jet printing. 

A thin metal layer 844, typically aluminum, is formed over the substrate 
840 and pairs of microlenses 842 as seen in Fig. 22D, typically by evaporation or 
sputtering. Metal layer 844 is preferably patterned, typicaUy by conventional 
photolithographic techniques, to dejBne a reflective surface 846, as seen in Fig. 22E. 

The substrate 840 is notched from imdemeath by conventional 
techniques, defining notches 848, as seen in Fig. 22F. Following notching, the 
substrate 840 is diced by conventional techniques, as shown in Fig. 22G, at locations 
intersecting inclined walls of the notches 848, thereby defining individual optical 
elements 849, each including a curved reflective portion defined by a pair of 
microlenses 842 as well as a flat reflective grating 841. 

Reference is now made to Figs. 23A, 23B, 23C, 23D, 23E. 23F and 23G, 
which are simplified illustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 9A - 17C in accordance with yet a further embodiment of 
the present invention. A glass substrate 850, typically of thickness 200 - 400 microns, 
seen in Fig. 23A, has formed in an underside surface thereof an array of reflective 
diffiraction gratings 851. as seen in Fig. 23B, typically by etching. Alternatively, the 
gratings 851 may be formed on the surface of the substrate 850, typically by Uthography 
or transfer. An array of pairs of microlenses 852, typically formed of photoresist, is 
formed on an opposite surface of substrate 850, as seen in Fig. 23C. The microlenses 
852 preferably have an index of refiraction which is identical or very close to that of 
substrate 850. This may be achieved by one or more conventional techniques, such as 
photolithography and thermal reflow, photoUthography using of a grey scale mask, and 
jet printing. 

A thin metal layer 854, typically aluminum, is formed over the substrate 
850 and pairs of microlenses 852 as seen in Fig. 23D, typically by evaporation or 
sputtering. An additional metal layer 855 is similarly formed on an opposite surface of 
the substrate 850. Metal layers 854 and 855 are preferably patterned, typicaUy by 
conventional photoUthographic techniques, to define respective reflective surfaces 856 
and 857, as seen in Fig. 23E. 
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The substrate 850 is notched from imdemeath by conventioiial 
techniques, defining notches 858, as seen in Fig. 23F. Following notching, the 
substrate 850 is diced by conventional techniques, as shown in Fig. 23G, at locations 
intersecting inclined walls of the notches 858, thereby defining individual optical 
elements 859, each includiag a cxirved reflective portion defined by a pair of 
microlenses 852 as well as a flat reflective grating 851 and flat reflective surfaces 857. 

Reference is now made to Figs. 24A, 24B, 24C, 24D, 24E, 24F and 24G, 
which are simplified illustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. lA - 17C m accordance with a still further embodiment of 
the present invention. A glass substrate 860, typically of thickness 200 - 400 microns, 
seen in Fig. 24 A, has formed therein an array of reflective diffraction gratings 861, as 
seen in Fig. 24B, typically by etching. Alternatively, the gratings 861 may be formed on 
the surface of the substrate 860, typically by lithography or transfer. An array of 
microlenses 862, typically formed of photoresist, is formed on the same surface of 
substrate 860, as seen in Fig. 24C. The microlenses 862 preferably have an index of 
refraction which is identical or very close to that of substrate 860. This may be achieved 
by one or more conventional techniques, such as photolithography and thermal reflow, 
photolithogrs^hy using of a grey scale mask, and jet printing. 

A thin metal layer 864, typically aluminum, is formed over the substrate 
860 and microlenses 862 as seen in Fig. 24D, typically by evaporation or sputtering. An 
additional metal layer 865 is similarly formed on an opposite surface of the substrate 
860. Metal layers 864 and 865 are preferably pattemed, typically by conventional 
photolithographic techniques, to define respective reflective surfaces 866 and 867, as 
seen in Fig. 24E. 

The substrate 860 is notched from underneath by conventional 
techniques, defining notches 868, as seen in Fig. 24F. Followmg notching, the 
substrate 860 is diced by conventional techniques, as shown in Fig. 24G, at locations 
intersecting inclined walls of the notches 868, thereby defining individual optical 
elements 869, each including a curved reflective surface 866 defined by a microlens 862 
as well as a flat reflective grating 861 and a flat reflective surface 867. 

Reference is now made to Figs. 25A, 25B, 25C and 25D, which are 
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simplified illxistrations of multiple stages in the production of a multi-chip module in 
accordance with a preferred embodiment of the present invention. As seen in Fig. 25 A, a 
substrate 900, typically formed of silicon and having a thickness of 300 - 800 microns, 
has formed thereon at least one dielectric passivation layer 902, at least one metal layer 
5 904 and at least one overlying dielectric layer 906. The dielectric layers are preferably 
transparent to light preferably in both the visible and the infrared bands. Vias 908, 
connected to at least one metal layer 904, extend through layer 902 to the substrate 900. 

As seen in Fig. 25B, an array of openings 910 is formed by removing 
portions of substrate 900 at a location underlying vias 908. Preferably, the entire 
10 thickness of the substrate 900 is removed. The removal of substrate 900 may be 
achieved by using conventional etching techniques and, preferably, provides a volume 
of dimensions of at least 600 microns in width. 

As seen in Fig. 25C, metallic bumps 912, preferably solder bumps, are 
preferably formed onto the thus exposed surfaces of vias 908. As seen in Fig. 25D, 
15 integrated circuit chips 914 are preferably located in openings 910 and operatively 
engaged with vias 908 by being soldered to bumps 912, thus creating a multi-chip 
module, wherein integrated circuit chips 914 reside within the substrate of the module. 

Reference is now made Fig. 26, which is a simplified illustration of a 
multi-chip module of the type referenced in Figs. 25A - 25D, including a laser Ught 
20 source 920 formed on an integrated circuit chip 922, located in an opening 924 formed 
in a module substrate 926. 

Reference is now made to Fig. 27, which is a simplified illustration of a 
multi-chip module of the type referenced in Figs. 25A - 25D, including an optical 
detector 930 formed on an integrated circuit chip 932, located in an opening 934 formed 
25 in a module substrate 936. 

Reference is now made to Fig. 28, which is a simplified illustration of a 
multi-chip module of the type referenced in Figs. 25A - 25D, including an electrical 
element 940 formed on an integrated circuit chip 942 located in an opening 944 formed 
in a module substrate 946. 
30 Reference is now made to Fig. 29, which is a simplified illustration of a 

multi-chip module of the type referenced in Figs. 25A - 25D, including multiple 
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elements 950 located in multiple recesses 952 formed within a substrate 954. These 
elements may by any suitable electrical or electro-optic element 

Reference is now made to Fig. 30, which is a simplified illustration of a 
multi-chip module of the type referenced in Figs. 25 A - 25D, including multiple stacked 
5 elements located in recesses formed within substrates. As seen in Fig. 30, a substrate 
1000, typically formed of silicon and having a thickness of 500 - 1000 microns, has 
formed thereon at least one dielectric passivation layer 1002, at least one metal layer 
1004 and at least one overlying dielectric layer 1006. The dielectric layers are preferably 
transparent to light preferably in both the visible and the indftared bands. Vias 1008, 

10 connected to at least one metal layer 1004 extend through layer 1002 to the substrate 
1000. At least one opening 1010 is formed by removing a portion of substrate 1000 at a 
location underlying vias 1008. Preferably, the entire thickness of substrate 1000 is 
removed. The removal of substrate 1000 may be achieved by using conventional etching 
techniques and provides a volume of dimensions of at least 1000 microns in width. 

15 Metallic bimips 1012, preferably solder bumps, are preferably formed onto the thus 
exposed surfaces of vias 1008. 

Disposed within opening 1010 is a substrate 1020, typically formed of 
silicon and having a thickness of 300 - 800 microns, having formed thereon at least one 
dielectric passivation layer 1022, at least one metal layer 1024 and at least one overlying 

20 dielectric layer 1026. The dielectric layers are preferably transparent to light preferably 
in both the visible and the infrared bands. Vias 1028, connected to at least one metal 
layer 1024, extend through layer 1022 to the substrate 1020. At least one opening 1030 
is formed by removing portions of substrate 1020 at a location underlying vias 1028. 
Preferably, the entire thickness of substrate 1020 is removed. The removal of substrate 

25 1020 may be achieved by using conventional etching techniques and provides a volume 
of dimensions of at least 600 microns in width. Metallic bumps 1032, preferably solder 
bumps, are preferably formed onto the thus exposed surfaces of vias 1028. Additional 
metallic bxmips 1034, preferably solder bumps, are preferably formed onto ends of vias 
1036 which are preferably connected to at least one metal layer 1024, which need not 

30 necessarily be connected to bumps 1032. Bumps 1012 and 1034 are preferably soldered 
together to mount substrate 1020 within substrate 1000. 
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An integrated circuit chip 1040 is preferably located in opening 1030 and 
operatively engaged with vias 1028 by being soldered to bumps 1032, thus creating a 
multi-chip module, wharein at least one integrated circuit chip 1040 resides within 
substrate 1020, which in turn resides within substrate 1000. 
5 It is appreciated that any suitable number of substrates, such as substrates 

1000 and 1020, may be nested within each other, as shown in Fig. 30, and that each such 
substrate may have multiple openings formed therein. 

Reference is now made to Figs. 31A, 31B, 31C and 31D, which are 
simplij&ed sectional illustrations of stages ia the production of an electro-optic 
10 integrated assembly in accordance with a preferred embodiment of the present 
invention. In the embodiment of Fig. 31 A, similarly to Fig. 2A described hereinabove, 
electro-optic components 1120, such as diode lasers, are mounted onto an electrical 
circuit (not shown), included within a planarized layer 1122 formed onto a substrate 
1123. It is appreciated that electro-optic components 1120 may be any suitable 
15 electro-optic component, such as a laser diode, diode detector, waveguide, array 
waveguide gratiag or a semiconductor optical amplifier. 

As shown in Fig. 3 IB, a transverse notch 1124 is preferably formed, at 
least partially overlapping the locations of the electro-optic components 1120 and 
extending through an adhesive 1 125 and partially through each of a plurality of optical 
20 fibers 1126. Specifically, in this embodiment, the notch 1124 ejctends entirely through 
the claddmg 1 127 of each fiber 1 126 and entirely through the core 1 128 of each fiber. It 
is appreciated that the surfaces defined by the notch 1 124 are relatively rough, as shown. 

Turning now to Fig. 31C, it is seen tibat a mirror 1130, typically of the 
type illustrated in Figs. 2C and 3, is preferably moimted paraUel to one of the rough 
25 mchned surfaces 1 132 defined by notch 1 124. Mirror 1 130 preferably comprises a glass 
substrate 1134 having formed on a surface 1136 thereof, a metaUic layer or a dichroic 
filter layer 1138. A partially flat and partially concave mirror 1139, typically similar to 
the type illustrated m Figs. 5C and 6A, is preferably mounted parallel to an opposite one 
of the rough inclined surfaces, here designated 1140. Mirror 1139 preferably comprises 
30 a glass substrate 1142 havmg formed thereon a curved portion 1144 over which is 
formed a curved metallic layer or a dichroic filter layer 1 146. 
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As seen in Fig. 3 ID, the mirrors 1130 and 1139 are securely held in 
place by any suitable adhesive 1 148. such as epoxy, and partially by an optical adhesive 
1 150, such as OG 146, manufectured by Epoxy Technology, 14 Fortune Drive, Billerica, 
MA 01821, USA, whose refractive index preferably is precisely matched to that of the 
cores 1128 of the optical fibers 1126. The adhesive 1150 preferably fills the interstices 
between the roughened surfaces 1132 and 1140 defined by notch 1124 and respective 
mirrors 1130 and 1139. It is appreciated that optical adhesive 1150 may be employed 
throughout instead of adhesive 1 148. It is noted that the index of refiraction of adhesive 
1 150 is close to but not identical to that of substrates 1 123, 1 134 and 1 142. 

Reference is now made to Fig. 32, which is an enlarged simplified optical 
illustration of a portion of Fig. 3 ID. Here it is seen that a generally uninterrupted optical 
path is defined for Ught, -preferably in the wavelength range of 600 - 1650 nm, firom an 
end 1 1 5 1 of a core 1 128, through adhesive 1150 and glass substrate 1 134 to a reflective 
surface 1152 of mirror 1130 and thence through glass substrate 1134, adhesive 1150, 
substrate 1123 and layer 1122, which are substantiaUy transparent to this light 
Similarly, a generally uninterrupted optical path is defined for fight, preferably in the 
wavelength range of 600 - 1650 nm, firom an end 1161 of core 1128, through adhesive 
1150, glass substrate 1142 and curved portion 1144 to a reflective surface 1162 of 
mirror 1139 and thence through curved portion 1144, glass substrate 1142, adhesive 
1 150, substrate 1 123 and layer 1 122, which are substantiaUy transparent to this Ught. 

It is noted that mirror 1130 typically reflects light onto an electro-optic 
component 1 120, here designated 1170, without focusing or collimating the Ught, while 
mirror 1139 focuses Ught reflected thereby onto another electro-optic component 1120, 
here designated 1172. It is appreciated that any suitable combination of mirrors having 
any suitable optical properties, such as coUimating and focusing, may alternatively be 
employed. 

Reference is now made to Figs. 33A, 33B. 33C and 33D, which are 
simpUfied sectional Ulustrations of stages in the production of an electro-optic 
integrated assembly in accordance witii another preferred embodiment of the present 
invention. In the embodiment of Fig. 33 A, similarly to Fig. 31 A described hereinabove, 
electro-optic components 1220, such as diode lasers, are mounted onto an elecbical 
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circxiit (not diown), incltided within a planaiized layer 1222 fonned onto a substrate 
1223. It is appreciated that electro-optic components 1220 may be any smtable 
electro-optic component, such as a laser diode, diode detector, waveguide, array 
waveguide grating or a semiconductor optical amplifier. In contrast to the embodiment 
5 of Fig. 3 1 A, here the electro-optic components 1220 are located in openings or recesses 
formed within the substrate 1223, similarly to the structure shown in Fig. 29. 

As shown in Fig. 33B, a transverse notch 1224 is preferably formed, at 
least partially overlapping the locations of at least one of the electro-optic components 
1220 and extending through an adhesive 1225 and partially through each of a plxirality 
1 0 of optical fibers 1226. Specifically, in this embodiment, the notch 1224 extends through 
part of the cladding 1227 of each fiber 1226 and entirely through the core 1228 of each 
fiber. It is appreciated that the surfaces defined by the notch 1224 are relatively rough, 
as shown. 

Turning now to Fig. 33C, it is seen that a mirror 1230, typically, similar 

15 to the type illustrated in Figs. 2C and 3, is preferably mounted parallel to one of the 
rough inclined surfaces, here designated 1232. defined by notch 1224. Mirror 1230 
preferably comprises a glass substrate 1234 havmg formed on a surface 1236 thereof, a 
metallic layer or a dichroic filter layer 1238. A partially flat and partiaUy concave mirror 
1239, typically similar to the type illustrated in Figs. 5C and 6A, is preferably mounted 

20 parallel to an opposite one of the rough inclined surfeces, here designated 1240. Mirror 
1239 preferably comprises a glass substrate 1242 having formed thereon a curved 
portion 1244 over which is formed a curved metallic layer or a dichroic filter layer 1246. 

As seen in Fig. 33D, the mirrors 1230 and 1239 are securely held in 
place partially by any suitable adhesive 1248, such as epoxy, and partially by an optical 

25 adhesive 1250, such as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, 
Billerica, MA 01821, USA, whose refractive index preferably is precisely matched to 
that of the cores 1228 of the optical fibers 1226. The adhesive 1250 preferably fills the 
interstices between the roughened surfaces 1232 and 1240 defined by notch 1224 and 
respective mirrors 1230 and 1239. It is appreciated that optical adhesive 1250 may be 

3 0 employed throughout instead of adhesive 1248. It is noted that the mdex of refraction of 
adhesive 1250 is close to but not identical to that of cladding 1227, substrate 1242 and 
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curved portion 1244. ^Mch is an enlarged simplified optical 

Reference is now made to Fig. 34. wmcn 6 
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As shown in Fig. 35B, a transverse notch 1328 is preferably formed, at 
least partiaUy overlapping the locations of the electro-optic components 1320 and 
extending through adhesive 1327 and partiaUy through at least each of optical fibers 
1325 and 1326. Specifically, in this embodiment, the notch 1328 extends entirely 
through of the cladding 1330 and 1331 and entirely through the cores 1332 and 1333 of 
fibers 1325 and 1326 respectively. It is appreciated that the surfaces defined by the 
notch 1328 are relatively rough, as shown. 

Turning now to Fig. 35C, it is seen that a mirror 1334, typically of the 
type illustrated in Figs. 2C and 3. is preferably mounted parallel to one of the rough 
inclined surfaces 1335 defined by notch 1328. Mirror 1334 preferably comprises a glass 
substrate 1336 having formed on a surface 1337 thereof, a metalUc layer or a dichroic 
filter layer 1338. A partially flat and partially concave mirror 1339, typically similar to 
the type illustrated in Figs. 5C and 6A, is preferably mounted paraUel to an opposite one 
of the rough inclined surfaces, here designated 1340. Mirror 1339 preferably comprises 
a glass substrate 1342 having formed thereon a curved portion 1344 over which is 
formed a curved metaUic layer or a dichroic filter layer 1346. 

As seen in Fig. 35D. the mirrors 1334 and 1339 are securely held in 
place partially by any suitable adhesive 1348, such as epoxy, and partially by optical 
adhesive 1350, such as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive. 
Billerica, MA 01821, USA, whose refractive indices preferably are precisely matched to 
those of the cores 1332 and 1333 of the optical fibers 1325 and 1326 respectively. The 
adhesive 1350 preferably fills the interstices between the roughened surfaces 1335 and 
1340 defined by notch 1328 and respective mirrors 1334 and 1339. It is appreciated that 
optical adhesive 1350 may also be employed instead of adhesive 1348. It is noted that 
tixe index of refraction of adhesive 1350 is close to but not identical to that of substrates 

1323, 1336 and 1342. 

Reference is now made to Fig. 36. which is an enlarged simpUfied optical 
illustration of a portion of Fig. 35D. Here it is seen that a generally uninterrupted optical 
path is defined for light, preferably in the wavelength range of 600 - 1650 mn. from an 
end 1352 of a core 1332 of a fiber 1325, through adhesive 1350 and substrate 1336 to a 
reflective surface 1354 of mirror 1334 and thence through substrate 1336. adhesive 
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1350. substrate 1323 and layer 1322, which are substantially transparent to this Ught. 
Similarly, a generally uninterrupted optical path is defined for Ught, preferably in the 
wavelength range of 600 - 1650 nm, from an end 1362 of core 1333 of fiber 1326, 
through adhesive 1350, substrate 1342 and curved portion 1344 to a reflective surface 
5 1364 of mirror 1339 and thence through curved portion 1344, substrate 1342, adhesive 
1350, substrate 1323 and layer 1322, which are substantially transparent to this light. 

It is noted that mirror 1334 typically reflects light onto an electro-optic 
component 1320, here designated 1370, without focusing or collimating the Ught, while 
mirror 1339 focuses Ught reflected thereby onto another electro-optic component 1320, 
10 here designated 1372. It is appreciated that any suitable combination of mirrors having 
any suitable optical properties, such as colUmating and focusing, may alternatively be 
employed. 

Reference is now made to Figs. 37A, 37B, 37C and 37D, which are 
simpUfied sectional illustrations of stages in the production of an electro-optic 
15 integrated assembly in accordance with another preferred embodiment of the present 
invention. The embodiment of Figs. 37A - 37D is similar to the embodiments of Figs. 
33A - 33D and 35A - 35D, described hereinabove. As shown m Fig 37A, electro-optic 
components 1400, such as diode lasers, are mounted onto an electrical circuit (not 
shown), included within a planarized layer 1402 formed onto a substrate 1404. It is 
20 appreciated that electro-optic components 1400 may be any suitable electro-optic 
component, such as a laser diode, diode detector, waveguide, array waveguide grating 
and a semiconductor optical amplifier. In contrast to the embodiment of Fig. 35A, here 
the electro-optic components 1400 are located in openings or recesses formed witiiin tiie 
substrate 1404, similarly to the structure shown in Fig. 33A. As distinct from the 
25 embodiment of Fig. 33A, here at least first and second separate fibers 1406 and 1408 are 
fixed to substrate 1404, preferably by an adhesive 1410, similarly to the structure shown 
in Fig. 35A. The fibers 1406 and 1408 may be identical, similar or different and need 
not be arranged in a mutuaUy aUgned spatial relationship. 

As shown in Fig. 37B, a transverse notch 1412 is preferably formed, at 
30 least partiaUy overlapping the locations of at least one of the electro-optic components 
1400 and extending through an adhesive 1410 and partiaUy through each of a pluraUty 
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of optical fibers 1406 and 1408. Specifically, in tbis embodiment, the notch I4i2 
extends through part of the claddings 1414 and 1416 and entirely through the cores 1418 
and 1420 of fibers 1406 and 1408, respectively. It is appreciated that the surfaces 
defined by tiie notch 1412 are relatively rough, as shovm. 

Turning now to Fig. 37C, it is seen that a mirror 1430, typically, similar 
to the type iUustrated in Figs. 2C and 3, is preferably mounted paraUel to one of tiie 
rough inclined surfaces, here designated 1432, defined by notch 1412. Mirror 1430 
preferably comprises a glass substrate 1434 having formed on a surface 1436 thereof, a 
metalUc layer or a dichroic filter layer 1438. A partiaUy flat and partially concave mirror 
1439, typically similar to tiie type illustrated in Figs. 5C and 6A. is preferably mounted 
parallel to an opposite one of the rough inclined surfaces, here designated 1440. Mirror 

1439 preferably comprises a glass substrate 1442 having formed thereon a curved 
portion 1444 over which is formed a curved metaUic layer or a dichroic filter layer 1446. 

As seen in Fig. 37D, tiie mirrors 1430 and 1439 are securely held in 
place partially by any suitable adhesive 1448, such as epoxy, and partially by an optical 
adhesive 1450, such as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, 
BiUerica, MA 01821, USA, whose refractive index preferably is precisely matched to 
tiiat of the cores 1418 and 1420 of tiie optical fibers 1406 and 1408, respectively. The 
adhesive 1450 preferably fills tiie interstices between tiie roughened surfaces 1432 and 

1440 defined by notch 1412 and respective mirrors 1430 and 1439. It is appreciated tiiat 
optical adhesive 1450 may be employed tiiroughout instead of adhesive 1448. It is noted 
tiiat tiie index of refiraction of adhesive 1450 is close to but not identical to tiiat of tiie 
curved portion 1444, substiate 1442 and claddings 1414 and 1416 of tiie optical fibers 

1406 and 1408, respectively. 

Reference is now made to Fig. 38, which is an enlarged simplified optical 
iUustration of a portion of Fig. 37D. Here it is seen tiiat a generaUy unmterrupted optical 
patii is defined for light, preferably in tiie wavelengtii range of 600 - 1650 nm, from an 
end 1451 of a core 1418, tiirough adhesive 1450 to a reflective surface 1452 of mirror 
1430 andtiience tiarough adhesive 1450 and cladding 1414, tiirough layer 1402, which is 
substantially transparent to tiiis light. Similarly, a generaUy uninterrupted optical patii is 
defined for Ught, preferably m tiie wavelengtii range of 600 - 1650 mn, from an end 
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1462 of core 1420, through adhesive 1450, substrate 1442 and curved portion 1444 to a 
reflective surface 1464 of mirror 1439 and thence through curved portion 1444, 
adhesive 1450 and cladding 1416, through layer 1402. y^ch is substantially transparent 
to this light. 

It is noted that mirror 1430 typically reflects Ught onto an electro-optic 
component 1400, here designated 1470, without focusing or coUimating the Ught, while 
mirror 1439 focuses light reflected thereby onto another electro-optic component 1400, 
here designated 1472. It is appreciated that any suitable combination of mirrors having 
any suitable optical properties, such as coUimating and focusing, may alternatively be 
employed. 

Reference is now made to Figs. 39A, 39B, 39C, and 39D, which are 
simpUfied sectional illustrations of stages in the production of an electro-optic 
integrated circuit in accordance with another preferred embodiment of the present 
invention. As seen in Fig 39A. electro-optic components 1520, such as a diode laser, are 
each mounted onto an electrical circuit (not shown), included within a planarized layer 
1522 formed onto substrate 1524. It is appreciated that electro-optic components 1520 
may be any suitable electro-optic component, such as a laser diode, diode detector, 
waveguide, array waveguide grating or a semiconductor optical amplifier. 

As shown in Fig. 39B, a transverse cut 1526 is preferably formed to 
extend partially through the substrate 1524. It is appreciated that a surface 1528 defined 
by Ihe cut 1526 is relatively roug^i, as shown. 

Turning now to Fig. 39C, it is seen that a partiaUy flat and partially 
concave mirror assembly 1530 is preferably mounted paraUel to the rough incUned 
surface 1528 defined by the cut 1526. Mirror assembly 1530 preferably comprises a 
glass substrate 1534 having formed thereon a curved portion 1536 over which is formed 
a curved metallic layer or a dichroic filter layer 1538. Mirror assembly 1530 also defines 
a flat surface 1540, having formed thereon a metallic layer or a dichroic filter layer 1542 
partially underlying the curved portion 1536. As seen in Fig. 39D, preferably, the mirror 
assembly 1530 is securely held in place by any suitable adhesive 1544, such as epoxy. 

Reference is now made to Fig. 40, which is a simpUfied optical 
Ulustration corresponding to Fig. 39D. Here it is seen that a generaUy uninterrupted 
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optical path is defined for Ught, preferably in the wavelength range of 400 - 165U nm, 
fiom each electro-optic component 1520 through glass substrate 1534 and curved 
portion 1536 of mirror assembly 1530 into reflective engagement with layer 1538 and 
thence through curved portion 1536 and substrate 1534 to layer 1542 and reflected from 
layer 1542 through substrate 1534 as a parallel beam. 

It is appreciated that the electro-optic integrated circuit described in 
reference to Figs. 39A-40 may be configured to operate as either a light transmitter or a 
light receiver, as described hereinbelow with reference to Figs. 43-45. 

Reference is now made to Figs. 41 A, 41B, 41C, and 41D, which are 
simplified sectional illustrations of stages in the production of an electro-optic 
integrated circuit in accordance with another preferred embodiment of the present 
invention. As seen in Fig. 41 A, an optical fiber 1620 is mounted onto a substrate 1622, 
preferably by means of adhesive 1623. As shown in Fig. 41B, a transverse cut 1624 is 
preferably formed to extend through the adhesive 1623, the optical fiber 1620 and the 
substrate 1622. SpecificaUy, in this embodiment, the cut 1624 extends through the 
cladding 1626 of fiber 1620 and entirely through the core 1628 of the fiber. It is 
appreciated that a surface 1629 defined by the cut 1624 is relatively rough, as shown. 

Turning now to Fig. 41C, it is seen that a partially flat and partially 
concave mirror assembly 1630 is preferably mounted parallel to the rough inclined 
surface 1629 defined by the cut 1624. Mirror assembly 1630 preferably comprises a 
glass substrate 1634 having formed thereon a curved portion 1636 over which is formed 
a curved metalUc layer or a dichroic filter layer 1638. Mirror assembly 1630 also defines 
a flat surface 1640 having formed thereon a metalUc layer or a dichroic filter layer 1642, 
partiaUy underlying the curved portion 1636. As seen in Fig. 41D. preferably, the mirror 
assembly 1630 is securely held m place by an optical adhesive 1644, such as OG 146, 
manufactured by Epoxy Technology. 14 Fortune Drive, Billerica, MA 01821, USA, 
whose refractive index preferably is precisely matched to that of the cores 1628 of the 

optical fibers 1620. 

Reference is now made to Fig. 42, which is a simplified optical 
illustration corresponding to Fig. 41D. Here it is seen that a generally uninterrupted 
optical path is defined for light, preferably in the wavelength range of 400 - 1650 nm. 
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ftom an end 1646 of core l628 of fiber 1620 through adhesive 1644 and substrate lOJ^ 
and curved portion 1636 of mirror assembly 1630 into reflective engagement with layer 
1638 and thence through curved portion 1636 and substrate 1634 to layer 1642 and 
reflected from layer 1642 through substrate 1634 as a parallel beam. 
5 It is appreciated that the electro-optic integrated circuit described in 

reference to Figs. 41 A-42 may be configured to operate as either a light transmitter or a 
Ught receiver, as described hereinbelow with reference to Figs. 43-45. 

Reference is now made to Fig. 43, which illustrates optical coupling 
through free space between the electro-optic integrated circuit of Fig. 40, here 
10 designated by reference numeral 1700 and the electro-optic integrated circuit of Fig. 42, 
here designated by reference numeral 1702. It is appreciated lhat either of electro-optic 
integrated circuits 1700 and 1702 may transmit Ught to the other, which receives the 

Ught, along a paraUel beam. 

Reference is now made to Fig. 44. which Ulustrates optical coupUng 
through free space between an electro-optic integrated circuit of Fig. 40, here designated 
by reference numeral 1704 and another electro-optic integrated circuit of Fig. 40, here 
designated by reference numeral 1706. It is appreciated that either of electro-optic 
integrated circuits 1704 and 1706 may transmit Ught to the other, which receives the 

Ught. along a paraUel beam. 

Reference is now mide to Fig. 45, which Ulustrates optical coupling 
through free space between an electro-optic mtegrated circuit of Fig. 42. here designated 
by reference numeral 1708 and another electro-optic integrated circuit of Fig. 42, here 
designated by reference numeral 1710. It is appreciated that either of electro-optic 
integrated circuits 1708 and 1710 may transmit Ught to the other, which receives the 

25 Ught, along a paraUel beam. 

Reference is now made to Figs. 46A, 46B, 46C, and 46D, which are 
simpUfied sectional Ulustrations of stages in the production of an electro-optic 
integrated circuit in accordance with another preferred embodiment of the present 
invention. As seen in Fig. 46A. an optical fiber 1800 is fixed in place on substrate 1802 

30 by means of a suitable adhesive 1804, preferably epoxy. As shown in Fig. 46B, a 
transverse notch 1824 is preferably formed, extending through the adhesive 1804 
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entirely through the optical fiber 1800 and partially into substrate 1802. Specifically, in 
this embodiment, the notch 1824 extends through all of cladding 1826 of the fiber 1800 
and entirely through the core 1828 of the fiber. It is appreciated that the surfaces defined 
by the notch 1824 are relatively rough, as shown. 
5 Turning now to Fig. 46C, it is seen that a partially flat and partially 

concave mirror 1 830 is preferably mounted parallel to one of the rough inclined surfaces 
1832 defined by notch 1824. Mirror 1830 preferably comprises a glass substrate 1834 
having formed thereon a curved portion 1836 over which is formed a curved metallic 
layer or a dichroic filter layer 1838. As seen in Fig. 46D, preferably, the mirror 1830 is 
10 securely held in place partially by any suitable adhesive 1844, such as epoxy, and 
partially by an optical adhesive 1846, such as OG 146, manufactured by Epoxy 
Technology, 14 Fortune Drive, Billerica, MA 01821, USA, whose refractive index 
preferably is precisely matched to that of the cores 1828 of the optical fibers 1800. It is 
appreciated that optical adhesive 1846 may be employed throughout instead of adhesive 
15 1844. The optical adhesive 1846 preferably fills the interstices between the roughened 
surface 1832 defined by notch 1824 and a surface 1848 of mirror 1830. 

Reference is now made to Fig. 47, which is an enlarged simpUfied optical 
illustration of a portion of Fig. 46D. Here it is seen that a generally uninterrupted optical 
path is defined for light, preferably in the wavelength range of 400 - 1650 nm, from an 
20 end 1850 of a core 1828, through adhesive 1846, substrate 1834 and curved portion 
1836, to a reflective surface 1852 of layer 1838 and thence through curved portion 1836, 
adhesive 1846 and substrate 1802, which are substantiaUy transparent to this light. It is 
noted that the index of reflation of adhesive 1846 is close to but not identical to that of 
curved portion 1836 and substrates 1802 and 1834. As seen in Fig. 47, the operation of 
25 curved layer 1838 is to coUimate light exiting from end 1850 of core 1828 tiirough 
substrate 1802 as a parallel beam. 

Reference is now made to Fig. 48, which iUustrates optical coupling 
through free space between an electro-optic integrated circuit of Fig. 46D, here 
designated by reference numeral 1900, and anotiier electro-optic integrated circuit of 
30 Fig. 46D, here designated by reference numeral 1902. It is appreciated that either of 
electro-optic integrated circuits 1900 and 1902 may transmit light to the other, which 
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receives the light, along a parallel beam. 

Reference is now made to Fig. 49, which illustrates optical coupling 
through free space between an electro-optic integrated circuit of Fig. 46D, here 
designated by reference numeral 1904, and an optical device 1906. Optical device 1906 
may be any optical device that receives or transmits light along a parallel beam. It is 
appreciated that either of electro-optic integrated circuit 1904 and optical device 1906 
may transmit light to the other, which receives the Ught, along a parallel beam. 

Reference is now made to Figs. 50A, SOB, 50C, SOD and 50E, which are 
simpUfied pictorial Ulustrations of stages in the production of an electro-optic integrated 
circuit constructed and operative in accordance with still another preferred embodiment 
of the present invention. As seen in Fig. 50A, a substrate 2000, typically formed of 
silicon and having a thickness of 300 - 800 microns, has formed thereon at least one 
dielectric passivation layer 2002, at least one metal layer 2004 and at least one overlyuig 
dielectric layer 2006. The dielectric layers are preferably transparent to Ught preferably 
in both the visible and the infrared bands. Vias, (not shown) connected to at least one 
metal layer 2004, extend through layer 2002 to the substrate 2000. One or more 
semiconductor functional blocks 2008 are preferably formed on substrate 2000. 

As seen in Fig. SOB, one or more opemngs 2010 are formed by removing 
portions of the substrate 2000 from the underside thereof, as shown for example in Fig. 
25B. The removal of portions of substrate 2000 may be achieved by using conventional 
etching techniques and, preferably, provides a volume of dimensions of at least 600 
microns in widtti. 

As seen in Fig. 50C, integrated circmt chips 2014 are preferably located 
in openings 2010. These chips may be operatively engaged with vias (not shown) by 
being soldered to bumps (not shown) as illustrated for example m Fig. 25D, thus 
creating an optoelectronic integrated circuit, wherein integrated circuit chips 2014 reside 
within the substrate of the integrated circuit. 

As seen in Fig. SOD, one or more fibers 2016 are fixed to substrate 2000, 
preferably by an adhesive (not shown), similarly to that shown m Fig. 37A. Multiple 
fibers 2016 may be identical, similar or different and need not be arranged in a mutually 
aligned spatial relationship. 
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As shown in Fig. 50E, it is seen that a mirror 2030, typically of the type 
illustrated in any of Figs. 18A - 24G, is preferably mounted in operative engagement 
with each fiber 2016. 

Reference is now made to Fig. 51, which is a simplified functional 
illustration of a preferred embodiment of the structure of Fig. 50E. As seen in Fig. 51, a 
high frequency optical signal 2100, typically of firequency 10 GHz, passes through a 
fiber 2102 and is reflected by a mirror 2104 onto a diode 2106, which may be located in 
a recess 2107. An output electrical signal 2108 from diode 2106 is suppUed to an 
amplifier 2110, which may be located in a recess 2111 and need not be formed of 
siUcon, but could be formed, for example, of gallium arsenide or indium phosphide. The 
amplified ou^ut 2112 of amplifier 2110 may be provided to a seriaUzer/deseriaUzer 
2114, which may be located in a recess 2115 and need not be formed of sihcon, but 
could be formed, for example, of gallium arsenide or indiima phosphide. 

An output signal 21 16 from serializer/deseriaUzer 2114 is preferably fed 
to one or more semiconductor functional blocks 2118 for further processing. A laser 
2120, which may be located in a recess 2122, may employ an electrical output firom a 
functional block 211 8 to produce a modulated light beam 2124, which is reflected by a 
mirror 2126 so as to pass through a fiber 2128. It is appreciated that electro-optic 
integrated circuit devices 2106 and 2120 may be configured to operate as either a light 
transmitter or a light receiver or both. 

It is appreciated that in addition to the substrate materials described 
hereinabove the substrates may comprise glass, silicon, sapphire, alumina, aluminum 
nitride, boron nitride or any other suitable material. 

Reference is now made to Figs. 52A and 52B, which are simplified 
pictorial illustrations of a packaged electro-optic circuit 3100, having integrally formed 
therein an optical connector and electrical connections, alone and in conjunction with a 
conventional optical connector. 

As seen m Figs. 52A and 52B, a packaged electro-optic circuit 3100 is 
provided in accordance with a preferred embodiment of the present invention and 
includes an at least partiaUy transparent substrate 3102, typically glass. Electrical 
circuitry (not shown) is formed, as by conventional photoUthographic techniques, over 
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one surface of substrate 3102 and is encapsulated by a layer 3104 of a protective 
material such as BCB, commerciaUy available from Dow Coming of the U.S.A. An 
array 3106 of electrical connections, preferably in the form of conventional solder 
bumps, communicates with the electrical circuitry via conductive pathways (not shown) 
extending through the protective material of layer 3104. 

Formed on a surfece of substrate 3102 opposite to that adjacent layer 
3104 there are defined optical pathways (not shown) which communicate with an array 
of optical fibers 3108, whose ends are aligned along an edge 3110 of the substrate 3102. 
Preferably, physical aUgnment bores 3112 .are aligned with the array of optical fibers 
3108. The bores 3112 are preferably defined by cyhndrical elements, which, together 
with the optical fibers 3108 and the optical pathways, are enc^sulated by a layer 31 14 
of protective material, preferably epoxy. 

Fig. 52B shows a conventional MPO type optical connector 3116, such 
as an MPO connector manufactured by SENKO Advanced Components, Inc. of 
Marlborough, MA., USA., arranged for mating contact with the packaged electro-optic 
circuit 3100, wherein alignment pins 3118 of connector 3116 are arranged to seat in 
ahgnment bores 3112 of the electro-optic circuit 3100 and optical fiber ends (not 
shown) of connector 3116 are arranged in butting aligned relationship witii the ends of 
the array 3 1 08 of optical fibers in packaged electro-optic circuit 3100. 

Reference is now made to Figs. 53A, 53B, 53C, 53D, 53E and 53F, 
which are simplified pictorial and sectional illustrations of a first pluraUty of stages in 
the manufactiare of tiie packaged electro-optic circuit of Figs. 52A and 52B. Turning to 
Fig. 53A, it is seen tiiat electrical circuits 3120 are preferably formed onto a first surface 
3 122 of substrate 3 1 02, at least part of which is tmisparent to light within at least part 
of the wavelengtii range of 600 - 1650 mn. Substrate 3102 is preferably of thickness 
between 200 - 800 microns. The electrical circuits 3120 are preferably formed by 
conventional photoUthographic techniques employed in tiie production of integrated 
circuits. 

The substrate shown in Fig. 53A is turned over, as indicated by an arrow 
3124 and, as seen in Fig. 53B. an array of parallel, spaced, elongate optical fiber 
positioning elements 3126 is preferably formed, such as by conventional 
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photoUthographic techniques, over an opposite surface 3128 of substrate 3102. It is 
appreciated that the positions of the array of elements 3126 on surface 3128 are 
preferably precisely coordinated with the positions of the electrical circuits 3120 on first 
surface 3122 of the substrate 3102, as shown in Fig. 53C. 
5 Turning to Fig. 53D, it is seen that notches 3130 are preferably formed 

on surface 3128, as by means of a dicing blade 3132, to precisely position and 
accommodate aUgnment bore defining cylinders 3134, as shown in Fig. 53E. Fig. 53E 
illustrates that the centers of alignment bore defining cylinders 3134 preferably Ue in the 
same plane as the centers 3136 of optical fibers 3108 which are precisely positioned 
10 between elements 3126 on surface 3128. Fig. 53F illustrates encapsulation of the fibers 
3108, the cylinders 3134 and the positioning elements 3126 by layer 3114 of protective 

material, preferably epoxy. 

Reference is now made to Figs. Figs. 54A. 54B. 54C, 54D, 54E, 54F. 
540. 54H, 541 and 54J, which are simplified pictorial and sectional iUustrations of a 
15 second plurality of stages in the manufacture of the packaged electro-optic circuit of 
Figs. 52A and 52B. Fig. 54A shows the wafer of Fig. 53F turned over. 

As shown in Fig. 54B, a multiplicity of studs 3 140, preferably gold studs, 
are formed onto electrical circuits 3120 lying on surface 3122. The studs 3140 are 
preferably flattened or "coined", as shown schematicaUy in Fig. 54C, to yield a 
20 multiplicity of flattened electrical contacts 3 142, as shown in Fig. 54D. 

As shown in Figs. 54E. 54F and 54G, the wafer of Fig. 54D is turned 
over, as indicated by an arrow 3144, and the electrical contacts 3142 are dipped into a 
shallow bath 3146 of a conductive adhesive 3148, such as H20E silver filled epoxy, 
manufactured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 01821, USA. so 
25 as to coat the tip of each contact 3 142 with adhesive 3 148, as shown. The wafer of Fig. 
54G is then turned over, as indicated by an arrow 3150, and a pluraUty of integrated 
circuits 3152 is mounted onto the multiplicity of contacts 3142. as seen in Fig. 54H. 
Integrated circuits 3152 may be electrical or electro-optic mtegrated circuits as 
appropriate. 

3Q Fig. 541 illustrates the application of underfill material 3 1 54, such as OG 

146, manufactured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 01821, USA, 
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at the gap between integrated circuits 3152 and electrical circuits 3120 as well as 
substrate 3102. If integrated circuits 3152 include electro-optic devices, the underfiU 
material 3 154 should be transparent as appropriate. 

As shown in Fig. 54J, an encapsulation layer 3156, such as a layer of 
solder mask, is preferably formed over integrated circuits 3152, electrical circuits 3120, 
substrate 3102 and underfill material 3154. 

For the purposes of the discussion which follows, it is assumed that at 
least some, if not aU, of the integrated circuits 3152 are electro-optic devices. It is 
appreciated that additional integrated circuits (not shown) which are not electro-optic 
devices, may be electrically connected to the electrical circuits 3120 on substrate 3102 
by other techniques, such as wire bonding. 

Reference is now made to Figs. Figs. 55A, 55B, 55C and 55D, which are 
simplified pictorial and sectional illustrations of a third plurality of stages in the 
manufacture of the packaged electro-optic circuit of Figs. 52A and 52B. 

Fig. 55 A Ulustrates the wafer of Fig. 54J, turned over and notched along 
lines extending perpendicularly to the array of optical fibers 3108, producing an inclined 
cut extending entirely through at least the core 3160 of each fiber 3 108 and extending at 
least partially through cylindrical elements 3 134. 

Fig. 55B is a simplified sectional illustrations, taken along the lines LVB 
- LVB in Fig. 55A, of a fiirther stage in the production of the electro-optic integrated 
circuit 

As shown in Fig. 55B, the notching preferably forms a notch 3224, at 
least partially overlapping the locations of the integrated circuits 3152. at least some, if 
not all, of which are electro-optic devices, and extending through the layer 3114 of 
protective material, entirely through each optical fiber 3108 and partially into substrate 
3102. Specifically, in this embodiment, the noteh 3224 extends through all of cladding 
3226 of each fiber 3108 and entirely through the core 3160 of each fiber. It is 
appreciated that the surfaces defined by the notoh 3224 are relatively rough, as shown. 

Turning now to Fig. 55C, it is seen that a partially flat and partially 
concave mirror assembly 3230 is preferably mounted paraUel to one of the rough 
inclined surfaces 3232 defined by notch 3224. Mirror assembly 3230 preferably 
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comprises a glass substrate 3234 having formed thereon a curved portion 3236 over 
vvhich is formed a curved metaUic layer or a dichroic filter layer 3238. A preferred 
method of fabrication of mirror assembly 3230 is described hereinabove Avith reference 
to Figs. 19A - 19E. As seen in Fig. 55D, preferably, the mirror assembly 3230 is 
securely held in place partially by any suitable adhesive 3239, such as epoxy, and 
partially by an optical adhesive 3240, such as OG 146. manufactured by Epoxy 
Technology. 14 Fortune Drive, Billerica, MA 01821. USA, whose refiractive index 
preferably is precisely matched to that of the cores 3160 of the optical fibers 3108. It is 
appreciated that optical adhesive 3240 may be employed throughout instead of adhesive 
3239. Optical adhesive 3240 preferably fills the interstices between the roughened 
surface 3232 defined by notch 3224 and a surface 3242 of mirror assembly 3230. 

Reference is now made to Figs. 56A, 56B and 56C. which are enlarged 
simplified optical iUustrations of a portion of Fig. 55D in accordance with preferred 
embodiments of the present invention. Fig. 56A is an enlarged simplified optical 
illustration of a portion of Fig. 55D. Here it is seen that a generally miinterrupted optical 
patii is defined for light, preferably in the wavelength range of 400 - 1650 mn. firom an 
end 3250 of a core 3160, through adhesive 3240, substrate 3234 and curved portion 
3236 to a reflective surface 3252 of layer 3238 and thence through curved portion 3236, 
adhesive 3240 and substrate 3102 and layer 3104 which are substantially transparent to 
this fight. It is noted tiiat the index of refiraction of adhesive 3240 is close to but not 
identical to that of curved portion 3236 and substrates 3102 and 3234. In tiie 
embodiment of Fig. 56A, tiie operation of curved layer 3238 is to focus Ught exiting 
firom end 3250 of core 3160 onto the electro-optic component 3152. 

Fig. 56B is an enlarged simplified optical illustration of a portion of Fig. 
55D in accordance witii a fiartiier embodiment of tiie present invention. In this 
embodiment, the curvature of curved layer 3238 produces collimation rather than 
focusing of the light exiting from end 3250 of core 3160 onto the electro-optic 
component 3152. 

Fig. 56C is an enlarged simplified optical iUustration of a portion of Fig. 
55D in accordance witii yet another embodiment of the present invention wherein a 
grating 3260 is added to curved layer 3238. Hie additional provision of grating 3260 



58 



wo 03/088286 PCT/IL03/00308 
causes separation of Ught impinging thereon according to its wavelength, such that 
multispectral Ught exiting from end 3250 of core 3160 is focused at multiple locations 
on electro-optic component 3152 in accordance with the wavelengths of components 
thereof. 

Reference is now made to Fig. 57. which is a simplified sectional 
illustration of an electro-optic integrated circuit constructed and operative m accordance 
with yet another preferred embodiment of the present invention. The embodiment of 
Fig. 57 corresponds generaUy to that described hereinabove with respect to Fig. 55D 
other than in that a mirror with multiple concave reflective surfaces is provided rather 
than a mirror with a single such reflective surface. As seen in Fig. 57, it is seen that light 
from an optical fiber 3316 is directed onto an electro-optic component 3320 by a 
partially flat and partially concave mirror assembly 3330, preferably mounted parallel to 
one of the rough inclined surfaces 3332 defined by notch 3324. Mirror assembly 3330 
preferably comprises a glass substrate 3334 having formed thereon a plurality of curved 
portions 3336 over which are formed a curved metallic layer or a dichroic filter layer 
3338. Mirror assembly 3330 also defines a reflective surface 3340, which is disposed on 
a planar surface 3342 generally opposite layer 3338. A preferred method of fabrication 
of mirror assembly 3330 is described hereinabove with reference to Figs. 20A - 20F. 
Preferably, the mirror assembly 3330 is securely held in place partially by any suitable 
adhesive 3343, such as epoxy, and partially by an optical adhesive 3344, such as OG 
146, manufectured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 01821, USA, 
whose refractive index preferably is precisely matched to that of the cores 3328 of the 
optical fibers 3316. It is appreciated that optical adhesive 3344 may be employed 
throughout instead of adhesive 3343. The optical adhesive 3344 preferably fills the 
interstices between the roughened surface 3332 defined by notch 3324 and surfece 3342 

of mirror assembly 3330. 

Reference is now made to Fig. 5 8 A, which is an enlarged simplified 
optical illustration of a portion of Fig. 57. Here it is seen that a generally uninterrupted 
optical path is defined for Ught. preferably in the wavelength range of 400 - 1650 nm, 
from an end 3350 of a core 3328. through adhesive 3344. substrate 3334 and first 
curved portion 3336. to a curved reflective surface 3352 of layer 3338 and thence 
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tbrough first curved portion 3336 and substrate 3334 to reflective surface 3340, from 
reflective surface 3340 tbrough substrate 3334 and second curved portion 3336 to 
another curved reflective surface 3354 of layer 3338 and thence through second curved 
portion 3336. substrate 3334, adhesive 3344 and substrate 3304 and layer 3305, which 
are substantially transparent to tiiis Ught. It is noted that the index of refraction of 
adhesive 3344 is close to but not identical to that of substrates 3304 and 3334. In the 
embodiment of Fig. 58A, the operation of curved layer 3338 and reflective surface 3340 
is to focus light exiting from end 3350 of core 3328 onto the electro-optic component 
3320. 

Reference is now made to Fig. 58B, which is an enlarged simplified 
optical illustration of a portion of Fig. 57 in accordance with a further embodiment of 
the present invention. In this embodiment, the curvature of curved layer 3338 produces 
collimation rather than focusing of the light exiting from end 3350 of core 3328 onto the 
electro-optic component 3320. 

Reference is now made to Fig. 58C, which is an enlarged simplified 
optical illustration of a portion of Fig. 57 in accordance with yet another embodiment of 
the present invention wherein a reflective grating 3360 replaces reflective surface 3340. 
A preferred method of fabrication of mirror assembly 3330 witii grating 3360 is 
described hereinbelow witii reference to Figs. 22A - 22F. The additional provision of 
grating 3360 causes separation of Ught impinging thereon according to its wavelength, 
such that multispectral Ught existing from end 3350 of core 3328 is focused at multiple 
locations on electro-optic component 3320 in accordance with the wavelengths of 

components thereof. 

It is appreciated that, even though the iUustrated embodiments of Figs. 
55C - 58C utilize the mirror assemblies whose fabrications are described hereinabove 
with reference to Figs. 19A - 20F and 22A - 22G, any of the mirror assembUes whose 
fabrications are described hereinabove witii reference to Figs. 18A - 24G may 

alternatively be utilized. 

Reference is now made to Fig. 59, which is a simpUfied pictorial 
illustration corresponding to sectional iUushation 55D. Fig. 59 Ulustirates the wafer of 
Fig. 55A, with partiaUy flat and partially concave mirror assembly 3230 mounted 
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thereon. paraUel to one of the rough inclined surfaces 3232 defined by notch 3224, as 
described hereinabove with reference to Fig. 55D. It is appreciated that mirror assembly 
3230 extends along the entire length of substrate 3102. 

Reference is now made to Figs. 60A, 60B, 60C. 60D, 60E and 60F, 
which are simplified pictorial and sectional illustrations of a fourth plurality of stages in 
the manufacture of the packaged electro-optic circuit of Figs. 52A and 52B. Fig. 60A 
shows the wafer of Fig. 59 turned over. Fig 60B is a sectional illustration of the wafer of 
Fig. 60A along lines LXB-LXB. Fig. 60C iUustrates the formation of holes 3402 by 
conventional techniques, such as the use of lasers or photoUthography, which 
communicate with electrical circuits 3120 (Fig. 53A) on substrate 3102. Fig. 60D shows 
the formation of solder bumps 3404 in holes 3402. 

Following the formation of solder bumps 3404 in holes 3402, the wafer, 
as shown in Fig. 60E, is preferably diced, providing a pluraUty of packaged electro-optic 
circuit chips 3406, as illustrated in Fig. 60F. Following dicing of substrate 3102 into a 
plurality of packaged electro-optic circuit chips 3406, an optical edge surfece 3407 of 
each of the plurality of packaged electro-optic circuit chips 3406 is polished to provide 
an optical quality planar surface. It is appreciated that the planar surface defmed by the 
poUshing may be either parallel, or at any suitable angle, to the plane defined by the 
dicing. 

Reference is now made to Fig. 61. which shows packaged electro-optic 
circuit chips 3406 mounted on a conventional electrical circuit board 3408 and being 
interconnected by a conventional optical fiber ribbon 3410 and associated conventional 

optical fiber connectors 3116 (Fig. 52B). 

Reference is now made to Fig. 62, which is a simplified pictorial 
Ulustration of an initial stage in the production of an electro-optic integrated circuit, 
constructed and operative in accordance with a preferred embodiment of the present 
invention. As seen in Fig. 62, one or more electrical circuits 4200 are preferably formed 
onto a first surface 4202 of an optional epitaxial layer 4203 of a substrate 4204. The 
epitaxial layer 4203 is typically formed of silicon and has a thickness of between 2 - 10 
microns, while the substrate 4204 is typically formed of silicon and has a thickness of 
200 - 1000 microns. Electrical circuits 4200 are preferably formed onto substrate 4204 
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by conventional photolithographic and thin fihn processmg techniques employed in the 
production of integrated circuits. Circuits 4200 preferably include transistors 4205 
formed in layer 4203, covered by a dielectric layer 4206, over which is typically formed 
a plurality of metal conductive layers 4207 interspersed with dielectric layers 4208, 
covered by a top passivation layer 4210. The dielectric layers are preferably transparent 
to light preferably in both the visible and the infrared bands within at least part of the 
wavelength range of 400 - 1650 nm. Vias 4211, connected to at least one conductive 
layer 4207, extend through layer 4210 to the top surface 4212. 

Reference is now made to Figs. 63A, 63B, 63C, 63D and 63E, which are 
simplified Ulustrations of the initial stages in the production of an electro optical 
integrated circuit in accordance with the embodiment of Fig. 62. Fig. 63A shows the 
substrate of Fig. 62 after it has been turned over. 

As seen in Fig. 63B, an opening 4216 is formed by removing portions of 
substrate 4204 at locations not underlying vias 4211. Preferably, the entire thickness of 
the substrate 4204 is removed, leaving dielectric layers 4206, 4208, conductive layers 
4207 and top passivation layer 4210 intact. Alternatively, dielectric layer 4206 may also 
be removed, leaving some or all of dielectric layers 4208 and top passivation layer 4210 
intact. The removal of substrate 4204 may be achieved by using conventional etching 
techniques and, preferably, provides a volume of dimensions of around 100 to 200 
microns in width and 1000 to 3000 microns in length. 

As seen in Fig. 63C, the openings 4216 are filled by a suitable transparent 
optical adhesive 4217, such as OG 146, manufactured by Epoxy Technology, 14 Fortune 
Drive, Billerica, MA 01821, USA, whose refractive index preferably is precisely 
matched to that of cores of conventionally manufactured optical fibers, commercially 
available from manufacturers, such as Dow Coming of the U.S.A. 

As seen in Fig. 63D, conductive bumps 4218, preferably metal bumps, 
such as solder bumps, are preferably formed onto the exposed surfaces of vias 421 1 . As 
seen in Fig. 63E, conductive bumps 4220, preferably metal bumps, such as solder 
bumps, are preferably formed onto the surfaces of integrated circuit chips 4222, which 
are preferably located below openings 4216. Integrated circuit chips 4222 are in 
conductive engagement with vias 421 1 by the soldering of bumps 4218 to bumps 4220. 
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Reference is now made to Fig. 64. which is a simplified illustration of an 
integrated circuit of the type referenced in Figs. 63A - 63E, including a laser light 
source 4224 formed on an integrated circuit chip 4226, located below an opening 4228 
fonned in an integrated circuit substrate 4230. 
5 Reference is now made to Fig. 65, which is a simpUfied illustration of an 

integrated circuit of the type referenced in Figs. 63A - 63E, including an optical detector 
4232 formed on an integrated circuit chip 4234, located below an opening 4236 fonned 
in an integrated circuit substrate 4238. 

Reference is now made to Fig. 66, which is a simpHfied illustration of an 
10 integrated circuit of the type referenced in Figs. 63A - 63E, including multiple elements 
4240 located below multiple openings 4242 fonned within a substrate 4244. These 
elements may by any suitable electrical or electro-optic element 

Reference is now made to Figs. 67A, 67B, 67C and 67D, which are 
simplified pictorial illustrations of further stages m the production of an electro-optic 
15 integrated circuit. Fig. 67A shows the substrate of Fig. 62 after it has been turned over. 
Openings 4246 are fonned on portions of substrate 4204 and filled by a transparent 
optical adhesive 4250, such as OG 146, manufactured by Epoxy Technology, 14 Fortune 
Drive, Billerica, MA 01821, USA, whose refiractive index preferably is precisely 
matched to that of cores of optical fibers, commercially available from manufacturers 
20 such as Dow Coming of the U.S.A. Openings 4246 preferably extend from a second 
surface 4248 of substrate 4204, vMch is opposite first surfece 4212. to dielectric layer 
4206. Alternatively, openings 4246 extend through dielectric layer 4206 and partially or 
frally through dielectric layers 4208 to passivation layer 4210. After openings 4246 are 
filled with optical adhesive 4250, multiple electro-optical elements are assembled onto 
25 . integrated circuit substrate 4204, as described hereinabove with reference to Figs. 63E - 
66. 

Fig. 67B shows an array of paraUel, spaced, elongate optical fiber 
positioning elements 4252 that is preferably fonned, such as by conventional 
photolithographic and etching techniques, over second surface 4248 of substrate 4204. 
30 Preferably, positioning elements 4252 are disposed intennediate openings 4246 filled 
with optical adhesive 4250. 
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As seen in Fig. 67C, an array of optical fibers 4256 is disposed over 
surface 4248 of substrate 4204. each fiber being positioned between adjacent 
positioning elements 4252. The fibers 4256 are fixed in place, relative to positioning 
elements 4252 and to surfece 4248 of substrate 4204, by means of a suitable adhesive 
5 4258, preferably epoxy. as seen in Fig. 67D, and preferably overUe openings 4246 fiUed 

with optical adhesive 4250. 

Reference is now made to Figs. 68A, 68B, 68C, and 68D, which are 
simplified sectional illustrations, taken along the lines LXVm - LXVm in Fig. 67D, of 
additional stages in the production of an electro-optic mtegrated circuit As seen in Fig. 
10 68A, electro-optic components 4260. such as diode lasers, are mounted onto electrical 
circuits 4200 (Fig. 62). It is appreciated that electro-optic components 4260 may mclude 
any suitable electro-optic components, such as laser diodes, diode detectors, 
waveguides, array waveguide gratings or semiconductor optical ampUfiers. As described 
hereinabove with reference to Fig. 67A, optical opening 4246 is formed by removing 
15 portions of substrate 4204 across the entire thickness of the substrate 4204, and filling 
the opening 4246 with transparent optical adhesive 4250. such as OG 146, manufectured 
by Epoxy Technology, 14 Fortune Drive, BiUerica, MA 01821, USA, whose refractive 
index preferably is precisely matched to that of cores 4262 of the optical fibers 4256. 

As shown in Fig. 68B. a transverse notch 4264 is preferably formed, at 
20 least partiaUy overlapping the locations of the electro-optic components 4260 and 
extending through the adhesive 4258, entirely through each optical fiber 4256 and 
partially into both substrate 4204 and the optical adhesive 4250 m opening 4246. 
Specifically, the notch 4264 extends partly through openings 4246, defining an optical 
via 4266 filled with opticaUy clear epoxy at the bottom of the notch 4264. It is 
25 appreciated that the surfaces 4270 defined by the notch 4264 are relatively rough, as 
shown. 

Turning now to Fig. 68C, it is seen that a partiaUy flat and partially 
concave mirror 4268 is preferably mounted parallel to one of the rough inclmed surfaces 
4270 defined by notch 4264. Mirror 4268 preferably comprises a glass substrate 4272 
30 having formed thereon a curved portion 4274 over which is fonned a curved metaUic 
layer or a dichroic filter layer 4276. As seen in Fig. 68D, preferably, the mirror 4268 is 
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securely held in place partially by any suitable adhesive 4278, such as epoxy, and 
partially by an optical adhesive 4280, such as OG 146, manufactured by Epoxy 
Technology, 14 Fortune Drive, Billerica, MA 01821, USA, whose refractive index 
preferably is precisely matched to lhat of the cores 4262 of the optical fibers 4256. It is 
appreciated that optical adhesive 4280 may be employed throughout instead of adhesive 
4278. Optical adhesive 4280 preferably fills the interstices between the roughened 
surface 4270 defined by notch 4264 and a surface 4282 of mirror 4268. 

Reference is now made to Fig. 69A, which is an enlarged simphfied 
optical Ulustration of a portion of Fig. 68D. Here it is seen that a generaUy uninterrupted 
optical path is defined for Ught, preferably in the wavelength range of 400 - 1650 nm, 
from an end 4284 of core 4262 of fiber 4256, through adhesive 4280. substrate 4272 and 
curved portion 4274 to a reflective surface 4286 of layer 4276 and thence through 
curved portion 4274, adhesive 4280, optical via 4266, layers 4206, 4208 and 4210 
which are substantially transparent to this light. It is noted that the index of refiaction of 
adhesive 4280 is identical to that of optical via 4266 and precisely matched to the index 
of refraction of the core 4262. In tiie embodiment of Fig. 69A, the operation of the 
curved reflective surface 4286 is to focus Ught exiting from end 4284 of core 4262 onto 
the electro-optic component 4260 or simUarly to focus Ught exiting from the 
electro-optic component 4260 onto the end 4284 of core 4262. 

Reference is now made to Fig. 69B, which is an enlarged simplified 
optical illustration of a portion of Fig. 68D, in accordance with a further embodiment of 
the present mvention. In this embodiment, the curvature of curved layer 4274 produces 
coUimation ratiier than focusing of the light exiting from end 4284 of core 4262 onto the 
electro-optic component 4260. 

Reference is now made to Fig. 69C, which is an enlarged simplified 
optical illustration of a portion of Fig. 68D, in accordance with yet anotiier embodiment 
of the present mvention, wherein a grating 4288 is added to curved portion 4274. The 
additional provision of grating 4288 causes separation of Ught impinging thereon 
according to its wavelength, such that multi-spectral Ught exiting from end 4284 of core 
4262 is focused at multiple locations on electro-optic component 4260 in accordance 
with the wavelengths of components thereof 
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Reference is now made to Fig: 70, which is a simplified sectional 
illustration of an electro-optic integrated circuit constructed and operative in accordance 
with yet another preferred embodiment of the present invention. The embodiment of 
Fig. 70 corresponds generally to that described hereinabove with respect to Fig. 68D, 
other than in that a mirror with multiple concave reflective surfaces is provided rather 
tiian a mirror with a single such reflective surface. As seen in Fig. 70, light from an 
optical fiber 43 16, having a core 43 1 8, is directed onto an electro-optic component 4320 
by a partially flat and partially concave mirror assembly 4330, preferably mounted 
paraUel to one of tiie rough inclined surfaces 4332 defined by a notch 4333 in a 
substrate 4334. 

Mirror assembly 4330 preferably comprises a glass substiate 4335 havmg 
formed tiiereon a plurality of curved portions 4336 over which is formed a curved 
metaUic layer or a dichroic filter layer 4338. Mirror assembly 4330 also defines a 
reflective surface 4340, which is disposed on a planar surface 4342 generally opposite 
layer 4338. Preferably, the mirror assembly 4330 is securely held in place partially by 
any suitable adhesive 4343, such as epoxy, and partially by an optical adhesive 4344, 
such as OG 146, manufactured by Epoxy Technology, 14 Fortune Drive, BiUerica, MA 
01821, USA, whose refi^tive index preferably is precisely matched to that of core 43 1 8 
of the optical fiber 43 16 and identical to an adhesive used to fill an optical via 4346. It is 
£5)preciated tiiat optical adhesive 4344 may be employed tiiroughout instead of adhesive 
4343. The optical adhesive 4344 preferably fills the interstices between tiie roughened 
surface 4332 defined by notch 4333 and surface 4342 of nurror assembly 4330. 

Reference is now made to Fig. 71A, which is an enlarged simpUfied 
optical illustration of a portion of Fig. 70. Here it is seen that a generally unintenrupted 
optical patii is defined for light, preferably in tiie wavelengtii range of 400 - 1650 nm. 
from an end 4350 of core 43 18, tiirough adhesive 4344, substrate 4335 and first curved 
portion 4336, to a curved reflective surface 4352 of layer 4338 and tiience tiirough first 
curved portion 4336 and substrate 4335 to reflective surface 4340, from reflective 
surface 4340 tiirough substrate 4335 and second curved portion 4336 to another curved 
reflective surfece 4354 of layer 4338 and tiience tiirough second curved portion 4336, 
substrate 4335, adhesive 4344, optical via 4346 and dielectric layers 4356. 4358 and 
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4360, which are substantially transparent to this light. 

It is noted that the index of refraction of adhesive 4344 is close to but not 
identical to tiiat of substi^e 4335. In tiie embodiment of Fig. 71A, the operation of 
curved layer 4338 and reflective surface 4340 is to focus light exiting from end 4350 of 
5 core 43 1 8 onto the electro-optic component 4320. 

Reference is now made to Fig. 71B, which is an enlarged simplified 
optical illustration of a portion of Fig. 70, in accordance with a further embodiment of 
tiie present invention. In tiiis embodiment, the curvatiire of curved layer 4338 produces 
collimation rather than focusing of the tight exiting from end 4350 of core 4318 onto the 

10 electro-optic component 4320. 

Reference is now made to Fig. 71C, which is an enlarged simpUfied 
optical iUust^tion of a portion of Fig. 70, in accordance with yet another embodiment of 
the present invention, wherein a reflective grating 4362 replaces reflective surface 4340 
(Fig. 70). The additional provision of grating 4362 causes separation of Ught impinging 

1 5 thereon according to its wavelength, such that multi-spectral light exiting from end 4350 
of core 4318 is focused at multiple locations on electro-optic component 4320 in 
accordance with the wavelengths of components thereof. 

Reference is now made to Figs. 72A, 72B, 72C, 72D and 72E, which are 
simplified pictorial illustrations of stages in tiie production of an electro-optic integrated 

20 circuit, constructed and operative in accordance witii still another preferred embodiment 

of the present invention. 

As seen in Fig. 72A, one or more semiconductor fimctional blocks 4400 
are preferably formed onto a first surface 4402 of an optional epitaxial layer 4403 of a 
substrate 4404. The epitaxial layer 4403 is typically formed of siUcon and has a 

25 thickness of between 2 - 10 microns. wMle tiie substrate 4404 is typically formed of 
SiUcon and has a tiiickness of 200 - 1000 microns. Semiconductor functional blocks 
4400 are preferably formed onto substrate 4404 by conventional photolitiiographic and 
thin fihn processing techniques employed in tiie production of integrated circuits. 
Semiconductor functional blocks 4400 preferably mclude transistors 4405 formed in 

30 layer 4403, covered by a dielectric layer 4406, over which are typically formed a 
pluraUty of metal conductive layers 4407 interspersed witii dielectric layers 4408, 
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covered by a top passivation layer 4410.The dielectric layers are preferably transparent 
to Ught preferably in both the visible and the infi^red bands within at least part of the 
wavelength range of 400 - 1650 nm. Vias 4411, connected to at least one conductive 
layer 4407, extend through layer 4410 to the top surface 4412. One or more 
semiconductor functional blocks 4400 are preferably formed on substrate 4404. 

Fig. 72A also shows locations 4414 of openings 4416 formed, as shown 
in Fig. 72B. by removing portions of substrate 4404. It is noted that locations 4414 do 
not underlie vias 4411. Preferably, the entire thickness of the substrate 4404 is removed 
at locations 4414. leaving dielectric layers 4406 and 4408 and conductive layers 4407 
intact. Alternatively, dielectric layer 4406 may also be removed, leaving some or all of 
dielectric layers 4408 intact. The removal of substrate 4404 may be achieved by using 
conventional etching techniques and. preferably, provides a volume of dimensions of 
around 100 to 200 microns in width and 1000 to 3000 microns in length. The openings 
4416 are filled with an optical adhesive 4418, such as OG 146, manufactured by Epoxy 
Technology, 14 Fortune Drive. BiUerica, MA 01821, USA, whose refractive index 
preferably is precisely matched to that of the cores of optical fibers. commerciaUy 
available from manufacturers such as Dow Coming of the U.S.A. 

As seen in Fig. 72C, integrated circuit chips 4420 are preferably located 
above openings 4416. These chips may be operatively engaged with vias (not shown) by 
being soldered to bumps (not shown), as illustrated for example in Fig. 63E, thus 
creating an optoelectronic integrated circuit, wherein integrated circuit chips 4420 reside 
above the substrate of the integrated circuit. 

As seen in Fig. 72D, one or more fibers 4422 are fixed underneath a 
bottom surface 4424 of substrate 4404, preferably by an adhesive (not shown), similarly 
to that shown in Fig. 67C and 67D. Multiple fibers 4422 may be identical, similar or 
different and need not be arranged in a mutually aligned spatial relationship. 

As shown in Fig. 72E, it is seen that a mirror 4430, typicaUy of the type 
illustrated in any of Figs. 68C - 71C. is preferably mounted in operative engagement 

with each fiber 4422. 

Reference is now made to Fig. 73, which is a simplified functional 
illustration of a preferred embodiment of the structure of Fig. 72E. As seen in Fig. 73, a 
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high frequency optical signal 4480, typically of frequency 10 to 40 GHz, passes through 
an optical fiber 4482 and is reflected by a mirror 4484 through a recess 4486 onto a 
diode 4488, which is located above the recess 4486. An output electrical signal 4490 
from diode 4488 may be supplied to an amplifier 4492, which may be formed on the 
sUicon substrate circuitry. The amplified output 4494 of amplifier 4492 may be provided 
to a serializer/deserializer 4496, which may be formed on the silicon substrate circuitry. 

An output signal 4498 from serializer/deserializer 4496 is preferably fed 
to one or more semiconductor functional blocks 4500 for ftirther processing. A laser 
4502, which may be located above a recess 4504, may employ an electrical output 4506 
from fimctional block 4500 to produce a modulated Ught beam 4508, which is reflected 
by a mirror 4510 through recess 4504 to pass through a fiber 4512. It is appreciated that 
electro-optic integrated circuit devices 4488 and 4502 may be configured to operate as 
either a light transmitter or a light receiver or both. 

It is appreciated that in addition to the substrate materials described 
hereinabove, the substrates may comprise siUcon, siUcon germanium, siUcon on 
sapphire, siUcon on insulator (SOI), gaUium arsenide, indium phosphide or any other 
suitable material. 

Reference is now made to Figs. 74A, 74B, 74C, 74D and 74E, which are 
simplified Ulustrations of a method for fabricating optical elements employed in the 
embodiments of Figs. 62 - 73 and Figs. 81A - 87 in accordance with one embodiment of 
the present invention. Fig. 74A shows a glass substrate 4800, typically of thickness 200 
- 400 microns. Substrate 4800 has formed thereon an array of microlenses 4802, 
typically formed of photoresist, as seen m Fig. 74B. The microlenses 4802 preferably 
have an index of refraction that is identical or very close to that of substrate 4800. The 
microlenses may be formed by one or more conventional techniques, such as 
photolithography and thermal reflow, photolithography using of a grey scale mask, jet 
printing and pattern transfer onto the substrate by etching. 

A thin metal layer 4804, typically aluminum, is formed over the substrate 
4800 and microlenses 4802 as seen in Fig. 74C, typically by evaporation or sputtering. 
A glass cover layer 4806 is preferably formed over the array of microlenses 4802 and 
sealed thereover by an adhesive 4808 in Fig. 74D. The substrate 4800, the met^ layer 
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4804 formed thereon and the glass cover layer 4806 and associated adhesive 4808 are 
then diced by conventional techniques, as shown in Fig. 74E. thereby defining 
individiial optical elements 4809, each including a curved portion defined by microlens 
4802. 

Reference is now made to Figs. 75A, 75B, 75C, 75D. 75E and 75F, 
which are simplified iUustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 62 - 73 and Figs. 81A - 87 in accordance with another 
embodiment of the present invention. A glass substrate 4810. typicaUy of thickness 200 
- 400 microns, seen m Fig. 75A, has formed thereon an array of microlenses 4812, 
typically formed of photoresist, as seen in Fig. 75B. The microlenses 4812 preferably 
have an index of refiraction that is identical or very close to that of substrate 4810. The 
microlenses may be formed by one or more conventional techniques, such as 
photolithography and thermal reflow, photolithography using of a grey scale mask, jet 
printing and pattern transfer onto the substrate by etching. 

A thin metal layer 48 14, typicaUy aluminum, is formed over the substrate 
4810 and microlenses 4812 as seen in Fig. 75C, typically by evaporation or sputtering. 
A glass cover layer 4816 is preferably formed over the array of microlenses 4812 and 
sealed thereover by an adhesive 4818 as seen in Fig. 75D. The substrate 4810 is then 
notched from underneath by conventional techniques. As seen in Fig. 75E. notches 4819 
are preferably formed at locations partiaUy underlying microlenses 4812. 

FoUowing notching, the substrate 4810, the microlenses 4812, the metal 
layer 4814 formed thereon, the glass cover layer 4816 and the adhesive 4818 are diced 
by conventional techniques, as shown in Fig. 75F. at locations intersecting inclmed 
waUs of the notches 4819, thereby defining individual optical elements 4820, each 
including a curved portion defined by part of microlens 4812. 

Reference is now made to Figs. 76A, 76B, 76C, 76D, 76E, 76F and 76G, 
which are simplified Ulustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 62 - 73 and Figs. 81A - 87 in accordance with yet another 
embodiment of the present invention. A glass substrate 4821, typically of thickness 200 
- 400 microns, seen in Fig. 76A, has formed thereon an array of microlenses 4822, 
typically formed of photoresist, as seen in Fig. 76B. The microlenses 4822 preferably 
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have an index of refraction that is identical or very close to that of substrate 4821. The 
microlenses may be formed by one or more conventional techniques, such as 
photoUthography and thermal reflow, photoUthography using of a grey scale mask, jet 
printing and pattern transfer onto the substrate by etching. 

A thin metal layer 4824, typically aluminum, is formed over the substrate 
4821 and microlenses 4822 as seen in Fig. 76C, typically by evaporation or sputtering. 
An additional metal layer 4825, typically aluminum, is similarly formed on an opposite 
surface of substrate 4821. Metal layers 4824 and 4825 are patterned typically by 
conventional photolithographic techniques to define respective reflective surfaces 4826 
and 4827 as seen in Fig. 76D. A glass cover layer 4828 is preferably formed over the 
array of microlenses 4822 and sealed thereover by an adhesive 4829 as seen in Fig. 76E. 

The substrate 4821 is notched from underneath by conventional 
techniques. As seen in Fig. 76F. notches 4830 need not be at locations partially 
underlying microlenses 4822. Following notching, the substrate 4821, the microlenses 
4822, the metal layers 4824 and 4825 (Fig. 76C), the glass cover layer 4828 and the 
adhesive 4829 are diced by conventional techniques, as shown in Fig. 76G, at locations 
intersecting inclined walls of the notches 4830, thereby defming individual optical 
elements 4831, each including curved reflective portion 4826 defined by a pair of 
microlenses 4822, as well as flat reflective surface 4827. 

Reference is now made to Figs. 77A, 77B, 77C, 77D. 77E. 77F and 77G, 
which are simplified iUustrations of a method for fabricating optical elements employed 
in the embodiments of Figs. 62 - 73 and Figs. 81 A - 87 in accordance with still another 
embodiment of the present invention. A glass substrate 4832, typically of thickness 200 
- 400 microns, seen in Fig. 77A, has formed thereon an array of pairs of microlenses 
4833, typically formed of photoresist, as seen in Fig. 77B. The microlenses 4833 
preferably have an index of refraction that is identical or very close to that of substrate 
4832. The microlenses may be formed by one or more conventional techniques, such as 
photolithography and thermal reflow, photoUthography using of a grey scale mask, jet 
printing and pattern transfer onto the substrate by etching. 

A thin metal layer 4834, typicaUy aluminum, is formed over the substrate 
4832 and pairs of microlenses 4833, as seen in Fig. 77C, typically by evaporation or 
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sputtering. An additional metal layer 4835, typically aluminum, is similarly formed on 
an opposite surface of substrate 4832. Metal layers 4834 and 4835 are patterned, 
typically by conventional photoUthographic techniques, to define respective reflective 
surfaces 4836 and 4837 as seen in Fig. 77D. A glass cover layer 4838 is preferably 
formed over the array of microlenses 4833 and sealed thereover by an adhesive 4839 as 
seen in Fig. 77E. 

The substrate 4832 is notched from underneath by conventional 
techniques, defining notches 4840, as seen in Fig. 77F. Following notching, the 
substrate 4832, the microlenses 4833, the metal layers 4834 and 4835 (Fig. 77C), the 
glass cover layer 4838 and the adhesive 4839 are diced by conventional techniques, as 
shown in Fig. 77G, at locations intersecting inclined walls of the notches 4840, thereby 
defining mdividual optical elements 4841, each includmg curved reflective surface 4836 
defined by a pair of microlenses 4833, as well as flat reflective surface 4837. 

Reference is now made to Figs. 78A, 78B, 78C, 78D, 78E, 78F, 78G and 
78H, which are simplified illustrations of a method for fabricating optical elements 
employed in the embodunents of Figs. 62 - 73 and Figs. 81A - 87 in accordance with a 
further embodiment of the present invention. A glass substrate 4842, typically of 
thickness 200 - 400 microns, seen in Fig. 78A, has formed in an underside surface 
thereof an array of reflective diffraction gratings 4843, as seen in Fig. 78B, typically by 
etching. Alternatively, the gratings 4843 may be formed on the surface of the substrate 
4842, typicaUy by lithography or transfer. An array of pairs of microlenses 4844, 
typically formed of photoresist, is formed on an opposite surface of substrate 4842, as 
seen in Fig. 78C. The microlenses 4844 preferably have an index of refiaction that is 
identical or very close to that of substrate 4842. The microlenses may be formed by one 
25 or more conventional techniques, such as photolithography and thermal reflow, 
photolithography using of a grey scale mask, jet printing and pattern transfer onto the 

substrate by etohing. 

A thin metal layer 4845, typicaUy aluminum, is formed over the substrate 
4842 and pairs of microlenses 4844 as seen in Fig. 78D, typicaUy by evaporation or 
0 sputtering. Metal layer 4845 is preferably patterned. typicaUy by conventional 
photoUthographic techniques, to define a reflective surface 4846, as seen in Fig. 78E. A 
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glass cover layer 4847 is preferably formed over the array of microlenses 4844 and 
sealed thereover by an adhesive 4848 as seen in Fig. 78F. 

The substrate 4842 is notched from undemeatii by conventional 
techniques, defining notches 4849, as seen in Fig. 78G. Following notching, the 
substrate 4842, the microlenses 4844, the metal layer 4845 (Fig. 78D), the glass cover 
layer 4847 and the adhesive 4848 are diced by conventional techniques, as shown in Fig. 
78H, at locations intersecting inclined walls of the notches 4849, thereby defining 
mdividual optical elements 4850, each including curved reflective portion 4846 defined 
by a pair of microlenses 4844 as well as flat reflective grating 4843. 

Reference is now made to Figs. 79A, 79B. 79C, 79D, 79E, 79F, 79G and 
79H, which are simplified Ulustrations of a method for febricating optical elements 
employed in the embodiments of Figs. 62 - 73 and Figs. 81A - 87 in accordance with 
yet a further embodiment of the present invention. A glass substrate 4851, typically of 
thickness 200 - 400 microns, seen in Fig. 79A, has formed m an underside surface 
thereof an array of reflective diffraction gratings 4852, as seen in Fig. 79B, typically by 
etching. Alternatively, the gratings 4852 may be formed on the surface of the substrate 
4851, typically by lithography or transfer. An array of pairs of microlenses 4853, 
typically formed of photoresist, is formed on an opposite surface of substrate 4851, as 
seen in Fig. 79C. The microlenses 4853 preferably have an mdex of refiraction that is 
identical or very close to that of substrate 4851. The microlenses may be formed by one 
or more conventional techniques, such as photoUthography and thermal reflow, 
photolithography using of a grey scale mask, jet printing and pattern transfer onto the 

substrate by etching. 

A thin metal layer 4854, typically alimiinum, is formed over the substrate 
4851 and pairs of microlenses 4853 as seen in Fig. 79D, typically by evaporation or 
sputtering. An additional metal layer 4855 is sinularly formed on an opposite surface of 
the substrate 4851. Metal layers 4854 and 4855 are preferably patterned, typicaUy by 
conventional photolithographic techniques, to define respective reflective surfaces 4856 
and 4857. as seen in Fig. 79E. A glass cover layer 4858 is preferably formed over the 
array of microlenses 4853 and sealed thereover by an adhesive 4859 as seen hi Fig. 79F. 

The substrate 4851 is notched from underneath by conventional 
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techniques, defining notches 4860. as seen in Fig. 79G. FoUowing notching, the 
substrate 4851, the microlenses 4853, the metal layers 4854 and 4855 (Fig. 79D), the 
glass cover layer 4858 and the adhesive 4859 are diced by conventional techniques, as 
shown in Fig. 79H, at locations intersecting inclined walls of the notches 4860, thereby 
defining individual optical elements 4861, each including curved reflective surface 4856 
defined by a pair of microlenses 4853 as weU as flat reflective grating 4852 and flat 

reflective surfaces 4857. 

Reference is now made to Figs. 80A, SOB, 80C, SOD, 80E, SOF, 80G and 
80H, which are sunpUfied iUustrations of a method for fabricating optical elements 
employed in the embodiments of Figs. 62 - 73 and Figs. 81 A - 87 in accordance with 
still a further embodiment of the present invention. A glass substrate 4862, typically of 
thickness 200 - 400 microns, seen in Fig. 80A, has formed therein an array of reflective 
diffiaction gratings 4863, as seen in Fig. SOB, typically by etching. Alternatively, the 
gratings 4863 may be formed on the surface of the substrate 4862, typically by 
lithography or transfer. An array of microlenses 4864, typically formed of photoresist, is 
formed on tbe same surface of substrate 4862, as seen in Fig. 80C. The microlenses 
4864 preferably have an index of refiraction which is identical or very close to that of 
substrate 4862. The microlenses may be formed by one or more conventional 
techniques, such as photolithography and thermal reflow, photoUthography using of a 
grey scale mask, jet printing and pattem transfer onto the substrate by etching. 

A thin metal layer 4865. typicaUy aluminum, is formed over the substrate 
4862 and microlenses 4864 as seen in Fig. SOD, typically by evaporation or sputtering. 
An additional metal layer 4866 is similarly formed on an opposite surface of the 
substrate 4862. Metal layers 4865 and 4866 are preferably patterned, typically by 
conventional photolithographic techniques, to define respective reflective surfaces 4867 
and 4868, as seen in Fig. 80E. A glass cover layer 4869 is preferably formed over the 
array of microlenses 4864 and sealed thereover by an adhesive 4870 as seen in Fig. SOF. 

The substrate 4862 is notched from underneath by conventional 
techniques, defining notches 4871, as seen in Fig. 80G. Following notching, the 
substrate 4862, the microlenses 4864, the metal layers 4865 and 4866 (Fig. SOD), the 
glass cover layer 4869 and the adhesive 4870 are diced by conventional techniques, as 
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shown in Fig. 80H, at locations intersecting inclined walls of the notches 4871, thereby 
dejBning individual optical elements 4872, each including curved reflective surface 4867 
defined by microlens 4864 as well as flat reflective grating 4863 and a flat reflective 
surface 4868. 

Reference is now made to Figs. 81 A and 8 IB, which are simplified 
pictorial illustrations of a packaged electro-optic integrated circuit 5100, having 
integrally formed therein an optical connector and electrical connections, alone and in 
conjunction with a conventional optical connector. 

As seen in Figs. 81 A and 8 IB, a packaged electro-optic integrated circuit 
5100 is provided in accordance with a preferred embodiment of the present invention, 
preferably in accordance with the teachings presented hereinabove with reference to 
Figs. lA - 51 and 62 - 80H, and includes a semiconductor substrate 5102, typically 
silicon, silicon germanium, gallium arsenide or indium phosphide. Electrical circuitry 
(not shown) is formed, as by conventional photolithographic and thm fihn processing 
techniques generally used for the manufacturing production of CMOS and other 
integrated circuits, over one surface of substrate 5102 and is encapsulated by a layer 
5104 of a protective material such as silicon dioxide, silicon nitride, silicon oxy-nitride, 
or BCB, commerciaUy available from Dow Coming of the U.S.A., or any other suitable 
passivation layer. An array 5106 of electrical connections, preferably in the form of 
conventional solder bumps, communicates with the electrical ckcuitry via conductive 
pathways (not shown) extendiag through the protective material of layer 5104. 

Formed on a surface of substrate 5102 opposite to that adjacent layer 
5104 there are defined optical pathways (not shown) \vbich communicate with an array 
of optical fibers 5108, whose ends are aligned along an edge 5110 of the substrate 5102. 
Preferably, physical alignment bores 5112 are aUgned with the array of optical fibers 
5108. The bores 5112 are preferably defined by cylindrical elements, which, together 
with the optical fibers 5108 and the optical pathways, are encapsulated by a layer 5114 
of protective material, preferably epoxy. 

Fig. 81B shows a conventional MT type optical connector 5116, such as 
an NfT connector manufactured by SENKO Advanced Components, Inc. of 
Marlborough, MA, USA, arranged for mating contact with the packaged electro-optic 
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circvlit 5100, vvdierein alignment pins 5118 of connector 5116 are arranged to seat in 
alignment bores 5112 of the electro-optic circuit 5100. Optical fiber ends (not shown) of 
coimector 5116 are arranged in butting aligned relationship with the aids of the array 
5108 of optical fibers in packaged electro-optic circuit 5100. 

Reference is now made to Figs. 82A, 82B, 82C, 82D, 82E, 82F and 82G, 
which are simplified pictorial and sectional iUustrations of a plurality of stages in the 
manufacture of the packaged electro-optic circuit of Figs. 81A and 81B. Turning to Fig. 
82 A, it is seen that electrical circuits 5120 are preferably formed onto a first surfiice 
5122 of substrate 5102. Substrate 5102 is preferably of thickness between 200 - 1000 
microns. The electrical circuits 5120 are preferably formed by conventional 
photolithographic and other thin fihn techniques employed in the production of CMOS 
and other integrated circuits. 

The substrate shown in Fig. 82A is turned over, as indicated by an arrow 
5124, and as shown in Fig. 82B, an array of holes 5125 extending partiaUy or totaUy 
through the semiconductor substrate 5102 is formed, such as by conventional 
photoUthographic techniques, on a second surface 5128, opposite surface 5122 of 
substrate 5102. Following an etching process, the holes are filled with an optical 
adhesive (not shown), such as OG 146, manufactured by Epoxy Technology, 14 Fortune 
Drive, Billerica, MA 01821, USA, whose refractive index preferably is precisely 
matched to that of cores of conventionally manufactured optical fibers. This results in an 
array of optical vias, formed as described hereinabove with reference to Figs. 63A - 
63C, through the substrate 5 102, which are transparent to light within at least part of the 
wavelength range of 400 - 1650 imi. 

As shown in Fig. 82C, an array of parallel, space4 elongate optical fiber 
positioning elements 5126 is preferably formed, such as by conventional 
photoUtiiographic techniques, over second surface 5128 of substiate 5102. Turning to 
Fig. 82D, which is a simplified sectional illustration taken along die lines LXXXIID - 
LXXXIID in Fig. 82C, it is appreciated tiiat the positions of the arrays of optical 
adhesive filled holes 5125 and positioning elements 5126 on surface 5128 are preferably 
precisely coordinated witii tiie positions of the electrical circuits 5120 on first surface 
5122 of the substrate 5102. 
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Turning to Fig. 82E, it is seen that notches 5130 are preferably foimed on 
surface 5128, as by means of a dicing blade 5132, to precisely position and 
accommodate alignment bore defining cylinders 5134, as shown in Fig. 82F. Fig. 82F 
illiastrates that the centers of alignment bore defining cylinders 5134 preferably lie in the 
5 same plane as the centers 5136 of optical fibers 5108 which are precisely positioned 
between elements 5126 on surface 5128. Fig. 82G illustrates encapsulation of the fibers 
5108, the cylinders 5134 and the positioning elements 5126 by layer 5114 of protective 
material, preferably epoxy. 

Reference is now made to Figs. 83A, 83B, 83C, 83D and 83E, which are 
10 simplified pictorial and sectional illustrations of a further plurality of stages in the 
manufacture of the packaged electro-optic circuit of Figs. 81A and 81B. Fig. 83A shows 
the wafer of Fig. 82G turned over. 

Fig 83B is a sectional illustration of tiie wafer of Fig. 83A along lines 
LXXXniB-LXXXmB. As shown in Fig. 83B, a multiplicity of bumps 5140, preferably 
15 gold or solder bumps, are formed onto electrical circuits 5 120 lying on surface 5 122. 

A plurality of integrated circuits 5152 are moxmted onto the multiplicity 
of bumps 5140 by standard flip chip attachment techniques, as seen in Fig. 83C. 
Integrated ckcuits 5152 may be electrical or electro-optic integrated circuits, as 
appropriate. 

20 Fig. 83D illustrates the application of underfill material 5154, such as OG 

146, manufactured by Epoxy Technology, 14 Fortune Drive, Billerica, MA 01821, USA, 
at the gap between integrated circuits 5152 and electrical circuits 5120 as well as 
substrate 5102. If integrated circuits 5152 include electro-optic devices, the underfill 
material 5154 shovild be transparent as appropriate. 

25 As shown in Fig. 83E, an encapsulation layer 5156, such as a layer of 

BCB or solder mask or other encapsvdating material, is preferably formed over 
integrated circuits 5152, electrical circuits 5120, substrate 5102 and underfiU material 
5154. 

For the purposes of the following discussion, it is assumed that at least 
30 some, if not aU, of the mtegrated circuits 5152 are electro-optic devices. It is appreciated 
that additional integrated circuits (not shown), which are not electro-optic devices, may 
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be electricaUy coimected to the electrical circuits 5120 on substrate 5102 either by flip 
chip or by other techniques, such as wire bonding. 

Reference is now made to Fig. 84 which is a simplified pictorial 

iUustration corresponding to sectional illustration 68B. 

Fig. 84 illustrates the wafer of Fig. 83E, turned over and notched along 
lines extending perpendicularly to the array of optical fibers 5108, producing notches 
5160, which have an inclined cut 5162, extending entirely through at least a core 5164 
of ealh fiber 5108 and extending at least partiaUy through cylindrical elements 5134 and 

Optical adhesive filled holes 5125. 

Reference is now made to Fig. 85, which is a simplified pictorial 
illustration corresponding to sectional illustrations of Figs. 68C. 68D and 70. Fig. 85 
illustrates the wafer of Fig. 84, with partially flat and partially concave mirror assembly 
5230 mounted thereon, parallel to one of the inclined cuts 5162 defined by notch 5160, 
as described hereinabove with reference to Fig. 84. It is appreciated that mirror assembly 
5230 extends along the entire length of substrate 5102. 

Reference is now made to Figs. 86A, 86B. 86C. 86D, 86E and 86F, 
which are simplified pictorial and sectional Ulustrations of a further plurality of stages in 
me manufecture of the packaged electro-optic circuit of Figs. 81A and 81B. Fig. 86A 
shows the wafer of Fig. 85 turned over. Fig 86B is a sectional illustration of the wafer of 
Fig. 86A along lines LXXXVIB-LXXXVIB. Fig. 86C illustrates the formation of holes 
5402 by conventional techniques, such as the use of lasers or photoUthography, which 
communicate through layer 5156 with electrical circuits 5120 on substrate 5102. Fig. 
86D shows the formation of solder bumps 5404 in holes 5402. 

Following the formation of solder bumps 5404 in holes 5402, the wafer, a 
section of which is shown in Fig. 86E, is preferably diced, providing a pluraUty of 
packaged electro-optic circuit chips 5406, as illustrated in Fig. 86F. Following dicing of 
substrate 5102 into a plurality of packaged electro-optic circuit chips 5406, an optical 
edge surfece 5407 of each of the plurality of packaged electro-optic circuit chips 5406 is 
polished to provide an optical quality planar surfece. It is appreciated that the planar 
surfece defined by the polishing may be either parallel to the plane defined by the 
dicing, or at any suitable angle. 
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Reference is now made to Fig. 87, which shows packaged electro-optic 
integrated circuit chips 5406 moxmted on a conventional electrical circuit board 5408 
and being interconnected by a conventional optical fiber ribbon 5410 and associated 
conventional optical fiber connectors 5116. 
5 It will be appreciated by persons skilled in the art that the present 

invention is not limited by what has been particularly shown and described hereinabove. 
Rather the scope of the present invention includes both combinations and sub 
combinations of the various features described hereinabove as well as variations and 
modifications which would occur to persons skiUed m the art upon reading the 
1 0 specification and which are not in the prior art. 
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